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The  objective  of  this  progtun  was  to  optimise  an  age-hardenable  weld  flUer  metal 
composition  for  heat-affected  sone  (HAZ),  hot-cracking-limited,  nickel-base  superalloy  welding 
applications.  Compositions  of  the  allc^  examined  were  baaed  on  the  best  filler  metals  previously 
developed  under  Air  Force  Materials  Laboratory  Contract  F33615-75-C-5tl4.  These  alloys  reduce 
HAZ  ending  and  are  age-hardenable  to  hi^  strength  levels.  Emphasis  was  placed  on  obtaining 
a filler  metal  which  reduced  HAZ  hot  cmcking,  because  that  accomplishment  offers  the  best 
opportunity  fn  early  implementation  of  the  improved  filler  metal. 

This  program  was  conducted  in  two  phases.  The  object  of  Phase  I was  to  identify  an 
qirtimixed  filler  metal  composition;  the  applicability  of  the  optimized  alloy  to  supenlloy  welding 
was  evaluated  in  Phase  n. 

In  Phase  I,  Task  1,  a screening  study  examined  seven  alloys.  The  two  primary  filler  metal 
chancteristics  of  interest  in  Task  1 were  solidus  tempemture  and  HAZ  hot  cracking  resistance. 
Prior  experience  has  shown  a strong  correlation  between  HAZ  hot  cracking  and  solidus 
temperature,  with  alloys  having  lower  melting  temperatures  being  associated  with  less  cracking. 
Tb  obtain  preliminary  information  on  the  weld  metal  microstructure  and  thermal  stability, 
specimetu  were  examined  metallographically  both  as-welded  and  after  a thermal  exposure. 

At  the  conclusion  of  Phase  I,  Task  1,  the  results  obtairred  on  the  seven  alloys  were  reviewed 
to  identify  the  two  most  promising  allosrs  fw  further  evaluation  in  Task  2. 

The  object  of  Task  2 was  to  conduct  a more  comprehensive  evaluation  of  the  two  selected 
candidate  filler  metals  to  provide  a basis  for  identification  of  an  optimized  composition  for 
characterization  in  Phase  II.  The  ability  of  the  selected  filler  metals  to  alleviate  HAZ  tet  cracking 
and  post-weld  heat-treatment  cracking  was  re-examined  in  greater  depth,  together  with  a more 
comprehensive  investigation  of  weldment  microstructure,  thermal  stability,  and  composition.  In 
addition,  a limited  comparison  was  made  by  determing  elevated-temperature  tensile  properties 
of  weldments  in  the  nickel-base  superalloy  Inconel  713c. 

At  the  conclusion  of  Task  2,  the  results  were  reviewed  to  select  an  optimum  alloy  for 
evaluation  in  Phase  11.  The  primary  criterion  for  selection  was  the  ability  to  reduce  hot  cracking; 
weldment  strength  and  the  metallurgical  character  of  the  weld  also  were  considered  as  was  post- 
weld heat-treatment  cracking  behavior. 

During  Phase  11,  the  optimized  filler  metal  was  evaluated  by  conducting  weld-repair  trials 
on  current  engine  hardware  and  by  determining  weldment  mechanical  properties.  These 
properties  were  compared  with  those  of  C-4,  a promising  alloy  identified  in  the  prior  contract,  and 
with  Inconel  626  weldment  properties  generated  in  simultaneous  tests. 

The  application  of  the  optimized  filler  metal  to  current  engine  hardware  was  demonstrated 
by  welding  an  FlOO  Tangential  On-Board  Injector  (TOBI)  which  is  an  Inconel  713c  casting  that 
is  considered  very  difficult  to  weld.  Mechanical  properties  were  determined  on  welds  made  in 
Inconel  713c  with  the  optimized  filler  metal,  with  C-4,  and  with  Inconel  625.  Tensile  and  stress- 
rupture  testing  was  conducted  at  two  service  temperatures.  Based  on  the  Phase  I results,  AFC-6-7 
was  selected  as  the  optimum  alloy;  the  composition  is: 

Ni-balance,  Cr-19.4,  Fe-11.9,  Ta-5.3,  Cb-3.2,  Ti-0.91,  Al-0.78,  Mn-2.7,  C-0.02, 

B-0.016,  and  Zr-0.07. 
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AFC-6-7  ■hoirad  the  beet  leeistance  to  hot  cmcldng,  and  the  eolidus  temperatura  wae  in  the  lower 
group  whidt,  ae  in  prior  experience,  oonelated  with  improved  reeistanoe  to  hot  cracking. 
Attempte  to  evaluate  reeiatance  to  poet-weld  heat-treatment  cracking  did  not  produce  definitive 
raaulta,  but  the  teata  did  indicate  that  the  new  filler  metal  will  be  equivalent  to  the  exiiting  filler 
metale,  if  not  better. 

No  aignificant  weld  metal  microetructure  or  phaae  thermal  atability  problema  were 
encountered  efler  elevated-temperature  expoaure  with  any  of  the  filler  metala.  examined. 

Welda  made  with  AFC-6-7  filler  metal  in  Inconel  713c  were  found  to  have  better  elevated- 
temperature  teneile  and  atreea-rupture  pcopertiea  than  welda  made  with  the  atate-of-the-art  filler 
metal,  Incond  625;  AFC-6-7  filler  metal  Twld  propertiea  were  comparable  with  thoee  of  filler 
metal  C-4.  The  mechanical  propertiea  advanta^  of  AFC-6-7  over  Inmiel  625  ia  expected  to  be 
larger  in  welda  with  leae  baae  metal  dilution. 

AFC-6-7  wee  uaed  in  trial  repaira  of  the  FIDO  TOBI  to  demonatrate  applicability  to 
hardware.  Hm  alloy  offered  a weldability  advantage  in  repaira  of  the  more  hi^y  reatrained 
forward  air  vent;  no  difference  in  weldability  waa  obaerved  in  repaira  oi  leaa  reatmined  areaa. 
Becauae  AFC-6-7  ia  an  age-hardenable  alloy,  the  hi^wr  atrengtb  of  the  weld  ia  expected  to 
provide  a ttiore  durable  repair  than  can  be  achieved  witii  the  atate-of-the-art  filler  metala.  It  ia 
recommended  that  AFC-6-7  filler  metal  be  uaed  to  weld  repair  engine  componenta  for  engine  teat 
to  better  evaluate  the  viability  of  the  alloy  in  an  application  under  aervice  conditiona. 

Additional  teatiag  of  mechanical  propertiea  on  welda  with  leaa  baae-metal  dilution  and 
teating  to  determine  oxidation  and  hot-corroeion  behavior  would  be  uaeful  in  aubatantiating  the 
applicability  of  the  filler  metal. 
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1.  STATEMENT  OP  PROBLEM  AND  OBJECTIVE 

The  application  of  fuskm  welding  to  the  fabrication  or  repair  of  high-etrength  superalloy 
turbine  components  has  been  severely  restricted  because  of  the  poor  weldability  of  these 
materials.  Weldability  problems  have  increased  with  development  of  hi^er  performance 
superalloys  to  the  point  that  fusion  welding  is  only  used  reluctantly,  and  in  some  situations,  these 
superalloys  are  simply  regarded  as  unweldable.  Specifically,  the  weldability  problems  exist  as 
hMt-affected  sons  (HAZ)  cracking  in  the  base  metal  adjacent  to  the  weld;  the  cracking  can  occur 
either  at  the  time  of  welding  or  during  subsequent  thennal  cycles.  One  traditicmal  approach  to 
avoid  these  problems  has  been  the  use  ci  dissimilar,  nonhardenable,  nickel-base  filler  metals 
which  result  in  low-strength,  poor-durability  welds. 

The  objective  oi  this  program  was  to  optimize  the  composition  of  a new  class  of  age- 
hardenable,  nickel-base  filler  metals  developed  previously  under  Air  Force  Materials  Laboratory 
Contract  F^15-76-C-5114.  The  new  class  of  alloys  alleviated  HAZ  cracking  while  being  age- 
hardenable  to  higher  strength  levels.  The  emphasis  was  placed  on  obtaining  a filler  metal  that 
will  reduce  heat-affected  zone  hot  cracking  in  nickel-base  superalloys,  because  that  accomplish- 
ment dfers  the  best  opportunity  for  early  implementation  of  the  improved  filler  metal, 
particularly  in  the  repair  of  turbine  components. 

2.  8UPERALLOY  WELDABILITY  PROBLEMS 

Two  types  of  HAZ  cracking  restrict  fusion  welding  in  nickel-base  superalloys.  At  the  time 
of  welding,  intergranular  cracking  — termed  hot  cracking  — may  occur  just  after  passage  of  the 
arc  or  on  cooling.  A second  form  of  cracking,  also  intergranular  in  mode,  may  occur  during 
subsequent  stress-relief  or  aging  thermal  cycles  and  is  denoted  as  post-weld  heat-treatment 
cracking.  The  metallurgical  causes  of  these  forms  of  cracking  have  been  studied  extensively.  The 
studies,  in  essence,  conclude  that  the  causes  are  inherent  and  unavoidable  characteristics  of 
nickel-base  superalloys. 

In  practice,  cracking  tendencies  may  be  somewhat  alleviated  by  design  and  welding 
procedures.  Nonetheless,  these  forms  of  cracking  severely  restrict  the  fusion  welding  of 
superalloys.  For  example,  the  repair  of  casting  defects  encoimtered  in  the  initial  fabrication  of 
superalloy  turbine  components  is  commonly  impeded  or  prevented  by  hot  cracking  and  post-weld 
heat-treatment  cracking.  This  problem  is  a serious  consideration  in  attempts  to  cast  large  turbine 
components,  particularly  in  higher  strength  superalloys.  Also,  the  repair  of  cast  turbine 
components,  such  as  vane  airfoils,  is  susceptible  to  and  limited  by  hot  cracking.  Post-weld  heat- 
treatment  cracking  is  encountered  in  the  fabrication  and  repair  of  both  cast  and  wrought 
superalloy  components,  and  it  has  been  a significant  deterrent  to  the  design  of  large  welded 
components  made  from  high-strength  wrought  alloys.  One  of  the  most  difficult  aspects  of  post- 
weld heat-treatment  cracking  is  that  once  cracking  occurs,  attempts  to  repair  weld  the  initial 
crack  frequently  generate  additional  cracking. 


One  important  approach  to  avoiding  the  problems  of  hot  cracking  and  poet-weld  heat- 
treatment  cracking  in  superalloy  welding  has  been  to  use  dissimilar  filler  metals  that  tend  to 
resist  cracking.  However,  in  most  cases,  the  filler  metals  are  not  age-hardenable  and  thus  are 
relatively  weak  when  compared  with  the  superalloy  base  metal.  The  resultant  weld  has 
significantly  poorer  properties  than  the  base  metal,  and  the  component’s  structural  integrity  is 
compromise  accordingly.  Repair  of  turbine  components  cracked  in  service  with  a weld  of  lower 
strength  than  the  base  metal  results  in  a shorter  time  to  cracking  in  subsequent  service. 


Recognixing  the  probleme  and  limitations  associated  with  use  of  lower  strength  flller  metals,  the 
development  of  improved  filler  metals,  combining  both  reduced  cracking  tendencies  with  the 
ability  to  be  age-hiudenable  to  high  strength  levels,  represents  a significant  advance  in  the 
application  of  fusion  welding  to  nickel-base  superalloys. 

3.  PRCviout  expciuf Nce 

As  a result  of  extensive  research  on  superalloy  welding,  the  Pratt  & Whitney  Aircraft  Group, 
Commercial  Products  Diviskm  (P&WA/Connecticul;  developed  a novel  approach  for  reducing 
superalloy  weldment  cracking  |»oblems.  Weld  flller  metals  with  uniquely  tailored  properties  were 
added  during  fusion  welding  to  favorably  alter  the  atress/strain  dynamics  responsible  for  heat- 
affected  tone  hot  cracking  and  poet-weld  heat-treatment  cracking.  The  studies  of  various 
commercial  and  experimental  flller  metals  for  superalloy  welding  demonstrated  that  HAZ 
cracking  can  be  strongly  affected  by  weld  filler  metal  characteristics,  but  not  in  a manner  as 
would  be  commonly  predicted.  A positive  correlation  was  found  between  flller  metal  solidus 
temperature  and  HAZ  hot  cracking  problems.  A series  of  experimental  flller  metals  containing 
manganese  additions  to  lower  the  solidus  temperature  were  shown  to  produce  the  least  amount 
of  HAZ  hot  cracking  in  cast  Inconel  713c  as  compared  to  a variety  of  widely  used  commercial  flller 
metals  and  other  experimental  compositions.  In  addition  to  reducing  cracking,  the  filler  metals 
containing  manganese  are  age-hardenable  and  thus  are  capable  of  superior  weldment  mecbanical 
properties. 

To  further  develop  and  characterise  these  weld  filler  metals,  a program  was  conducted  by 
the  Pratt  & Whitney  Aircraft  Group,  Commercial  Products  Division,  under  Air  Force  Materials 
Laboratory  Contract  F33616-76-C-6114.  The  program  further  developed  age-hardenable  flller 
metals  that  reduce  weld  HAZ  hot  cracking  in  nickel-base  superalloys  under  laboratory  test 
conditions.  The  limited  evaluation  of  the  improved  flller  metals  to  determine  their  potential 
value  fw  engineering  applicaticms  dem<mstrated  good  weldment  mechuiical  properties  and 
oxidation  behavior.  Fabrication  of  wire  in  these  compositions  by  conventioiul  means  appears 
feasible.  Investigations  of  weldment  microatructural  stability  and  base  metal  dilution  effects  on 
weldability  were  not  conclusive.  Based  on  the  results  obtained,  tbe  improved  flller  metals  were 
considered  suitable  for  further  optimisation  and  implementation  in  engineering  applications. 

For  the  range  of  flller  metals  investigated,  the  property  that  had  the  greatest  influence  on 
hot  cracking  again  was  the  solidus  temperature.  Alloys  having  lower  solidus  temperatures 
reduced  HAZ  hot  cra<^ing.  The  relationship  between  flller  metal  properties  and  post-weld  heat- 
treatment  cracking  is  not  fully  understood,  but  it  appears  to  depend  on  whether  or  not  the  alloy 
is  age-hardenable.  Nonhardenable  alloys,  such  as  Hastelky  W,  reduce  poet-weld  heat-treatment 
cracking  because  the  lower  strength  weld  preferentially  strains  to  accommodate  stress  relaxation 
as  anticipated.  Contrary  to  expectations,  the  resistance  to  post-weld  heat-treatment  cracking  (rf 
the  age-hardenable  flller  met^  did  not  correlate  with  strength,  stress-relaxation  rate,  or  aging 
behavior,  however,  this  may  have  been  influenced  by  test  cooditimis.  The  resistance  to  hot 
cracking  and  post-weld  heat-treatment  cracking  of  the  age-hardenable  alloys  shows  a general 
correlation. 
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•ECnON  II 

DESCRIPTION  OP  FILLER  METALS 


1.  ALLOY  OESIQN  APPROACH 

The  approach  to  alloy  design  which  was  successful  in  the  prior  worii  was  to  develop  alloys 
which  had  a lower  solidus  temperature  and  potentially  slower  aging  kinetics.  It  was  found  that 
the  addition  at  manganese  as  a melting  point  depressant  was  uniquely  beneficial.  Alloys 
strengthened  by  gamma  double  prime  (>')  plus  gamma  prime  (y)  precipitates  were  consider^ 
potentially  advantageous  alloy's  for  the  control  of  post-weld  heat-treatment  cracking  because  of 
the  relatively  slow  precipitation  kinetics  of  the  body  centered  tetragonal  y’  phase.  Although  the 
effects  of  aging  kinetics  were  not  demonstrated  in  the  previous  contract,  the  alloys  strengthened 
by  Y plu>  Y precipitates  were  better,  in  general,  than  those  strengthened  by  y precipitates. 

2.  PREVIOUS  ALLOYS 

As  described  earlier,  two  very  promising  filler  metals,  designated  C-4  and  C-6,  were 
developed  in  the  previous  contract,  and  they  provide  the  basis  for  composition  modifications  to 
achieve  an  optimised  alloy  in  this  program.  Both  alloys  are  strengthened  by  y'  plus  y' 
precipitates,  lliey  are  of  similar  compositions,  as  shown  in  Table  1,  where  they  are  the  first  two 
alloys  listed.  These  alloys  are  modifications  of  a promising  earlier  y plus  y experimental  alloy 
which  was  a derivative  of  Inconel  718.  The  modifications  to  the  earlier  composition  include 
substituting  tantalum  for  aluminum,  titanium  and/or  columbium;  and  increasing  iron  and 
mdybdenum  contents.  Tantalum  was  expected  to  (1)  partially  partition  to  y',  (2)  slow  the  y' 
phaM  precipitation  kineti'-«,  and  (3)  have  less  tendency  to  segregate  on  solidification.  Iron  should 
increase  the  tendency  to  form  y *.  Molybdenum  is  a solid  soluticm  strengthener  of  the  y matrix 
particularly  at  higher  temperatures. 

3.  FORMULATION  OP  ALLOYS  FOR  THIS  PROGRAM 

The  compositions  of  the  sevm  filler  metals  which  were  evaluated  in  the  current  contract  are 
shown  in  Table  1.  These  composititms  are  modifications  of  the  two  most  promising  filler  metab 
from  the  previous  contract  (C-4  and  C-6)  which  were  just  discussed.  The  primary  objectives  of 
these  mo^ficatiims  were  to  optimise  manganese  level  and  to  enhance  illoy  microetructure 
thermal  stability  while  maintaining  or  improving  resistance  to  hot  cracking. 


Manganese  had  been  recognized  as  a critical  alloying  element  in  the  initial  development  of 
this  class  of  filler  metals.  FWther  effort  was  made  to  better  define  the  optimum  manganese  level. 
The  role  oi  manganese  in  the  filler  metals  is  not  completely  understood;  however,  it  was  found  to 
be  beneficial  in  PAWA  worir  prior  to  the  previous  contract  where  better  results  were  achieved 
^ when  snudl  amounts  of  manganese  were  added  to  otherwise  identical  alloys.  For  example, 

I additions  of  0.6  to  2%  manganese  to  Inccmel  718  and  Waspaloy  favorably  influenced  resistance  to 

I HAZ  cracking.  Mwganeae  is  recognized  as  a melting  point  depressant  in  nickel-base  alloys,  and 

i!  prior  work  has  correlated  liot  cracking  resistance  with  filler  metals  having  lower  solidus 

I temperatures. 

New  alloys  AFC-6-1  and  -6-2  are  modifications  of  alloy  C-6;  they  contain  both  lower  and 
higher  manganese  levels  than  alloy  C-6. 

The  investigatimi  of  weldment  microstructure  phase  thermal  stability  in  the  previous 
I contract  detected  sigma  phase  formation.  Although  the  conditions  surrounding  the  sigma 

! I formation  did  not  permit  unambiguous  conclusions,  this  aspect  of  these  alloys  was  studied 

^ t further  and  composition  modifications  to  enhance  stability  were  expected  to  be  beneficial. 
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CooMqutBtly.  molybdenum  wee  omitted  flrom  three  alleys,  AFC-6>3,  -4^.  and  -Vll-b,  becauee 
molybdmum  ia  recogniied  aa  coatributing  to  the  formation  of  aigma  phaae;  alao,  reaulta  ftom  the 
previoua  contract  auggaat  that  it  may  favor  the  formation  of  Lavea  phaae  in  thia  claaa  of  alloya. 
(Lavaa  wae  obaerved  in  the  alloy  with  higheat  molybdenum  content.)  Iron  waa  reduced  in 
AFC-6^  in  a general  attempt  to  improve  etability;  apecifically,  iron  contributea  to  the  formation 
of  Lavea  phaae  (while  favoring  the  beneficial  Y precipitate).  The  tantalum  level  waa  lowered  in 
alloy  AFC-4Al*6;  previoua  work  suggeata  that  tantalum  may  contribute  to  aigma  phaae  formation 
and  a leaner  alloy  would  be  generally  more  deeirable.  Baaed  on  reaulta  of  preliminaiy  weldability 
triala  conducted  during  the  initial  phaaea  of  the  current  program,  two  additional  filler  metab 
were  fmmulated.  O>mpoaitiona  of  theae  all(^,  which  are  deaignated  AFC-4-6  and  -6-7,  are  ahown 
in  Table  1. 

The  alloy  deaignated  AFC-4-6  waa  derived  from  AFC-4-4  which  ahowed  promiae  in  hot 
cracking  reaiatance  and  very  little  intergranular  precipitation  in  the  weldment  after  thermal 
expoaura.  The  manganeae  level  in  AFC-4-6  waa  increaa^  to  2.6%  from  1.2%  in  AFC-4-4  becauae 
of  the  beneficial  effecta  of  manganeae  diacuaaed  earlier.  The  aecond  additional  filler  metal  waa 
deaignated  AFC-6-7,  and  it  waa  derived  from  alloya  AFC-6-2  and  -6-3  which  ahowed  promise. 
AFC-6-7  waa  deaigned  to  have  no  molybdenum,  leaa  iron  (12.0%)  and  higher  manganeae  (2.5%); 
the  affacta  of  theae  alloying  elementa  alao  have  been  diacuaaed  previously. 


MCnON  III 

PROQIUMi  MtCIUPTION 


This  section  describes  the  procram  plan  and  notes  the  experimental  approaches  used  to 
achieve  specific  objectives  in  the  plan.  Details  of  the  experimental  techniques  are  discussed  in 
Section  IV. 

1.  OBJECTIVE 

The  objective  of  this  program  was  to  optimise  an  age-hardenable  weld  filler  metal 
composition  for  heat-affected  sons  (HAZ),  hot-cracking-limited,  nickel-base  superalloy  welding 
applications.  Compositions  of  the  alloys  examined  were  baaed  on  the  best  filler  metals  previously 
d^loped  under  Air  Force  Materials  laboratory  Contract  F33615-76-C-6il4.  Theae  alloys  reduce 
HAZ  cracking  and  are  age-hardenable  to  high  strength  levels.  Emphasis  was  placed  on  obtaining 
a filler  metal  which  reduced  HAZ  hot  cracking,  because  that  accomplishinent  offers  the  best 
opp(»tunity  for  early  implementation  of  the  improved  filler  metal. 

2.  PflOORAMPLAN 

The  program  was  conducted  in  two  phases.  The  object  of  Phase  I was  to  identify  an 
optimized  filler  metal  composition;  the  applicability  of  the  optimized  allqy  to  superalloy  welding 
was  evaluated  in  Phase  11.  A promising  alloy  from  the  inevious  contract  (designated  alloy  C-4) 
and  a typical  nonhardoiable  commercial  filler  metal  (Inconel  625)  also  were  evaluated  in 
Phase  n for  comparison.  A flow  diagram  of  the  program  is  shown  in  Figure  1;  a detailed 
description  fdlows. 

a.  Phaaa  I.  Task  1 — CompoaMon  ModEleaUon  tiudy 

This  screening  study  examined  seven  alloya.  Five  alloys  were  examined  initially;  then  based 
on  these  iwnilts,  two  ad^tional  alleys  were  selected. 

The  two  primary  filler-metal  characteristics  of  interest  in  Task  1 were  solidus  temperature 
and  HAZ  hot  cracking  resistance.  Prior  experience  has  shown  a strong  correlation  betwm  HAZ 
hot  cracking  and  eolidus  temperature  — alloys  with  lower  melting  temperature  are  associated 
with  less  cracking. 

The  melting  behavior  of  the  filler  metals  was  determined  through  the  use  of  a differential 
thermal  analyzer  (see  Sectiem  IV.lb). 

The  ability  of  the  filler  metals  to  alleviate  HAZ  hot  cracking  was  evaluated  in  a weldability 
test  described  in  Section  IV.lc.  Initially,  four  tests  were  made  with  each  filler  metal  and  faiconel 
713c  base  metal  weldability  test  specimeiu.  As  in  prior  work,  the  number  of  HAZ  cracks  observed 
was  used  to  judge  the  relative  hot  cracking  resistance.  During  this  initial  investigation,  difficulty 
was  encountered  with  this  test  which  did  not  produce  results  that  clearly  discriminated  between 
the  alloys.  Consequmtly,  a newly  acquired  automatic  welding  machine  which  provided  better 
control  of  welding  parameters  was  used  to  perform  addititmal  testing  of  the  five  moat  promising 
alloys. 

In  addition  to  determining  the  resistance  to  hot  cracking,  an  attempt  was  made  to  use  the 
hot  cracking  specimens  to  gain  a preliminary  indication  of  the  resistance  to  poet-weld  heat- 
treatment  cracking.  This  approach  was  not  successfiil;  post-weld  heat  treatment  cracking  was 
evaluated  again  in  Task  2. 
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I To  obUia  pfrifanfaury  informatiop  on  th*  wld  nutal  mkwxtructuw  md  thwmal  lUbUity, 

tiM  hot  cnddnf  woldabiUty  toot  qiociaMBo  won  otominod  motaUographicoUy  both  oo-woldod 
•od  altar  a thoimal  aapoaim  at  a npnoantathro  tuihiiio  eomponont  oonrioo  tomporatun.  Tha 
waU  natal  mkrootructun,  otabU%,  and  oompoaitiaB  aran  charactetiaad  mota  compnhanaiady 
faiTadca. 

At  tha  coochisiao  of  Phaaa  I,  Taak  1,  tha  contractor  and  tha  Ptapam  Monitor  faviowad  the 
naulte  obainad  on  the  aavan  alloya  and  idantifiad  the  two  moat  promiainc  alloya  far  Author 
evaluation  in  Taak  2.  In  addition,  alky  C>4  from  tha  pnvioua  contract  and  boontl  826  wen 
fawhidad  in  Taak  2 far  oompariaon. 

b.  PMaa  I,  Taak  2 — CandMala  ANoy  Evahiallon 

Tha  object  of  Taak  2 waa  to  conduct  a mom  compmhanaiva  evaluation  of  tha  two  aalactad 
candidate  Alter  matate  to  provide  a baaia  tar  idanti^tkn  of  an  optimiaad  oompoaition  for 
charactariaaticn  in  Phaaa  n.  Tha  ability  of  tha  aalactad  filter  matate  to  allaviata  HAZ  hot  cracking 
and  poat'wald  haat-traatmant  cracking  waa  taaxamiiwd  in  greater  depth,  together  with  a more 
cmnpnhanaiva  inveatigation  of  weldment  microatructura,  thermal  atability,  and  compoaition.  In. 
addition,  a limited  compariaon  waa  made  by  determining  the  mechanical  properties  of  the 
reaulting  weldment  in  Inconel  713c.  Thia  work  ia  described  in  more  detail  in  the  following 
paragraphs. 

Five  additional  hot  cracking  weldability  teats  were  conducted  with  each  Alter  metal  to 
provide  a broader  data  baae.  These  spedmena  also  were  used  for  the  weldment  characteruation 
investigation  described  below. 

Since  the  compoaitioos  of  improved  Alter  metala  am  aomewhat  unique  among  commercial 
nickel-bam  alloys,  it  was  important  to  investigate  the  metallurgical  mtun  of  the  resulting 
weldments.  In  addition  to  idmtiiying  the  microstructural  constituents  and  weld  composition 
proAte,  the  thermal  stability  of  the  weldment  microatructura  was  studied,  because  the  poaaibility 
of  aigma  phase  in  weld  metal  waa  noted  in  the  previous  program. 

i The  propensity  for  poet-weld  heat-treatment  cracking  of  welds  in  Inconel  713c  made  with 

I the  candidate  Aller  metals  waa  investigated  using  techniquea  described  in  Section  IV.l.d. 

I Although  the  primary  program  objective  was  to  obtain  a filter  metal  Aw  hot^racking-limited 

I superalloy  welding  applications,  resistance  to  post-weld  heat-treatment  cracking  also  was 

I important.  Welds  were  made  on  Inconel  713c  and  exposed  to  a 4.hour,  843*C  (1560*F)  thermal 

I cycle. 

i 

r An  important  advantage  of  this  clam  of  Alter  metals  is  their  capacity  to  age-harden  to  higher 

strength  levels  than  can  be  achieved  with  commercial  nonhardmable  Alter  metals.  This 
I advantage  increasm  in  signiAcance  at  elevated  temperatures  whem  the  hardening  precipitates 

[ mom  strongly  inAuence  luoperties.  To  compam  the  strengths,  871  *C  (1600*F)  tensile  tests  were 

I conducted  on  specimens  machined  from  butt  welds  between  Inconel  713c  cast  plates. 

! 

I At  the  conclusion  of  Task  2,  the  results  wem  reviewed  to  select  an  optimum  alky  for 

evaluation  in  Pham  11.  The  primary  criterion  for  mtection  was  the  ability  to  reduce  hot  cracking; 
weldment  stmngth  and  the  metallurgical  character  of  the  weld  abo  were  considered  as  was  post- 
weld heat-treatment  craddng  behavior.  The  results  and  basis  for  mtection  of  the  alky  for  Pham 
n were  dtecussed  with  and  agreed  upon  by  the  Air  Force  Materials  Laboratory  Program  Monitor. 
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e.  PtiM*  II  — ANdy  Evaluallon 


During  Phase  n the  optimised  filler  metal  was  evaluated  by  weld  repairing  a limited 
amount  of  sdected  current  engine  hardware  and  by  determining  weldment  mechanical 
properties.  These  properties  were  compared  with  thoee  of  C-4,  a promising  alloy  identified  in  the 
prior  contract,  and  with  Inconel  625  weldment  properties  generated  in  simultaneous  tests. 

The  application  of  the  optimized  filler  metal  to  current  engine  hardware  was  demonstrated 
by  welding  an  FIDO  Tangential  On-Board  Injector  (TOBI)  which  is  an  Inconel  713c  casting  that 
is  coitsidered  very  difficult  to  weld  due  to  the  high  restraint  conditions  present  and  to  the  base 
metal.  Serious  casting  difficulties  have  resulted  in  a high  rejection  rate  and  attempts  to  weld 
repair  these  defects  have  had  little  success. 

Mechanical  properties  were  determined  on  welds  made  in  Inconel  713c  with  the  optimized 
filler  metal  and  with  C-4  and  Inconel  626.  Tensile  and  stress-rupture  testing  was  conducted  at  two 
representative  service  temperatures. 


SECTION  IV 

EXPERIMENTAL  PROCEDURES 


1.  PHASE  I PROCEDURES 

a.  WIra  Fabrication 

Wire,  2.6  mm  (0.100  in.)  in  diameter  for  Phase  I weldability  testing  and  0.76  mm  (0.030  in.) 
in  diameter  for  the  Phase  n hardware  welding  demonstration,  was  fabricated  by  swaging  6rom 
12.7-mm  (0.5-in.)  diameter  arc-melted,  drop-cast  bars.  The  bars  had  been  made  from  a 500-gm 
(one-lb)  arc-melted  master  billet.  A detailed  description  of  the  fabrication  procedure  is  provided 
in  Appendix  A. 

Compositions  were  verified  through  conventional  analytical  chemistry  procedures  on 
samples  taken  from  the  drop  castings. 

b.  MMUng  Schcvler  Determination 

A small  sample  of  each  alloy  was  taken  from  the  filler  metal  wires  and  used  to  determine 
melting  behavior:  incipient  melting,  solidus  and  liquidus  temperatures.  A Dupont  Model  900 
Differential  Thermal  Analyser  was  used  to  determine  the  melting  behavior  with  the  procedure 
described  in  Appendix  B. 

e.  Hot  CracMng  WeMabNIty  Totting 

(1)  WtUabKHy  Teet  Sptinmn  Fabrication 

'The  hot  cracking  weldability  specimens  were  cast  and  machined  to  the  same  configuration 
used  in  the  previous  contract  (Figure  2).  The  specimens  were  cast  in  Inconel  713c,  an  alloy  highly 
susceptible  to  hot  cracking.  The  majority  of  specimens  used  in  the  program  were  cast  ^m  the 
same  heat  of  material,  and  all  casting  was  done  im  the  same  day  in  order  to  maximise  uniformity. 
A second  group  of  specimens  was  used  for  additional  testing  in  Task  1.  The  same  precautions  as 
uasd  for  the  fint  group  were  used  in  the  preparation  of  this  second  group  of  specimens;  however, 
they  were  made  from  a different  heat  of  Incimel  713c.  Details  of  the  casting  procedure  are  found 
in  Appendix  C.  Preparation  of  the  specimen  edges  for  welding  (as  shown  in  Figure  2)  and  other 
machining  required  to  ensure  go^  fit-up  in  the  weldability  test  rsstraint  fixture  was 
accomplished  by  grinding  in  the  manner  commonly  employed  for  nickel-base  superalloys. 

(i)  Watding  Proonrima  and  taamlnatlon 

The  initial  Task  1 hot  cracking  weldability  tests  were  conducted  in  the  same  manner  used 
in  the  prior  contract  with  minw  modificatiems  to  the  welding  parameters  to  improve  weld  bead 
geometry  by  reducing  drop-through.  Later  in  the  program,  testing  utilised  a recently  acquired 
automatic  gas  tungsten  arc  welding  system,  since  it  provided  superior  control  of  parameters  as 
discussed  below.  The  test  specimeiu  and  restraint  fixture  were  the  same  throughout  the  program. 

Hot-cracking  tests  were  conducted  with  the  tapered,  cast-to-shape  specimens  described 
above.  The  specimens  were  held  mechanically  in  a massive  fixture  (Figure  3)  which  provided  the 
high  restraint  needed  to  obtain  cracking.  As  mentioned,  the  specimen  edges  were  prepared  by 
grinding  to  the  configuration  shown  in  Figure  2.  The  specimens  were  cleaned  in  acetone  and 
assembled  in  the  test  fixture  (Figure  3).  A single  length  2.6-mm  (0.100-in.)  diameter  filler  wire 
(corresponding  to  about  8.6  to  9.0  grams)  was  tack-welded  in  place  at  the  ends.  This  amount  of 
wire  rented  in  a weld  nugget  of  approximately  30  to  40%  filler  metal. 
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Specimen  Assembled  1n  Fixture  n>i4ani 

flfurv  S.  Mamv*  Stoinkti  Steel  Hot  Cmckini  WMobUify  Toot  Fixture  and 
Coot  Nkhel-Baoe  Superalloy  Teet  Specimen 


I 
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During  the  initial  teeting  in  Taek  1,  welding  was  accomplished  in  a vacuumAnert- 
atmoephere  welding  chamher.  The  aseembled  specimen  and  restraint  fixture  was  placed  in  the 
cham^r,  a vacuum  in  excess  of  1.0  X 10~*  mm  Hg  was  established  and  the  chamber  was  back- 
filled with  high-purity  argon  inert  gas  to  atmospheric  pressure.  The  specimen  was  machine 
welded  by  the  gas  tungsten  arc  (GTAW)  process  utilising  a strai^t,  bare  tungsten  electrode.  The 
first  two  tests  (of  the  four  tests  per  fUlm  metal)  were  conducted  with  weld  parameters  of  76  amp 
current,  1.1  mm/mc  (2.6  inymin)  travel  speed,  and  16  volts  (set  hy  arc  length);  the  second  two 
tests  were  performed  with  parameters  of  78  amp  current,  1.3  mm/sec  (3.0  inymin)  travel  speed, 
and  16  vdts  (set  by  arc  length).  The  change  in  parameters  was  made  to  imimwe  weld  bead 
geometry  by  reducing  drop-through. 

As  discussed  later,  the  initial  series  at  tests,  conducted  in  the  same  marmer  as  in  the 
previous  contract,  produced  cracking  results  which  made  difforentiation  between  the  alloys 
difficult.  This  was  due  in  part  to  the  similarity  of  the  alloys  in  the  current  work.  Additional 
testing  was  conducted  as  a part  of  Task  1 in  an  attempt  to  achieve  better  results  with  a recently 
acquired  welding  system  which  provided  superior  control  of  welding  parameters.  The  parameters 
used  were  76  amp  currmt,  0.86  mm/mc  (2.0  inymin)  travel  speed,  and  8.7  volts  (set  by  arc 
length).  Welding  was  done  in  an  argon-flooded  enclosure  of  the  type  commonly  employed  in 
welding  small  turbirm  components.  A conventional  GTAW  torch  was  employed  instead  of  the 
straight  tungsten  electrode.  The  Ittconel  713c  hot  cracking  specimens  used  in  the  supplemental 
Task  1 testing  were  fiom  a different  heat  code  and  cast  at  a different  time  than  the  specimeits 
which  were  used  in  the  initial  Task  1 testing  and  the  subsequent  Task  2 testing.  Although  the 
same  precautions  were  observed  in  casting  the  hot  cracki^  specimens  used  in  the  Task  1 
supidemental  testing,  prkw  experience  has  shown  that  direct  comparison  of  results  caimot  be 
made  with  those  taken  from  the  other  group  of  specimens  used  in  the  initial  Task  1 and 
subsequent  Task  2 testing.  For  that  reason  thew  results  can  only  be  compared  within  the  group. 
Five  filler  metals  were  compared  in  the  supplemental  testing;  they  include  AFC-6-2,  -6-3  and  4-4, 
considered  the  most  promising  of  the  five  initial  alloys,  and  AFC-4-6  and  -6-7,  the  two  additional 
alloys. 

In  Task  2,  weldability  tests  were  perfonned  with  tlw  more  promising  alloys  which  were 
identified  in  Task  1;  the  alloys  ware  AFC-4-6  and  -6-7.  In  addition,  tests  were  conducted  (»i  alloy 
C-4  from  the  previous  contract  and  the  commercial  filler  metal,  {nqonel  626  to  provide  a 
comparison.  The  Task  2 tasting  used  the  newly  acquired  welding  ajitem  mid  the  latter  set  of 
parameters. 

After  welding,  the  specimens  were  removed  from  the  fixture  and  examined  for  heat-affected 
sone  cracks  using  fluorescent  penetrants  and  26x  magnification  visual  irupeoCkm.  This  visual 
inspection  involves  counting  of  the  number  of  cracks  found  in  a given  specimeh,  with  variations 
in  number  of  cracks  from  one  filler  metal  to  another  being  used  as  a relative  index  of  weldability. 
The  examiner  must  be  experienced  at  this  procedure  to  distinguish  real  cracks  from  other  surface 
features  in  the  HAZ,  such  as  grain  boundary  offsets  and  deformation  bands,  which  look  similar 
to  cracks. 

d.  Foai-Wnid  Hnal  TrnatmMil  CraeMne  TmI 

In  Task  1,  two  hot  cracking  specimetM  of  the  four  specimeiw  for  each  filler  metal  were  given 
a post-weld  heat-treatment  in  order  to  gain  a |»elimina^  indication  of  the  extent  of  additional 
cracking.  The  heat-treatment  conditions  and  test  details  ate  described  in  Appendix  D. 

As  discussed  later,  the  Task  1 post-weld  heat  treatment  of  the  hot  cracking  specimens  did 
not  produce  meaningfril  results.  (Consequently,  another  approach  was  utilised  in  Task  2. 


Task  2 poet-weld  heat-tieatment  cracking  teats  were  conducted  on  3.2-mm  (0.125-in.)  thick 
by  31.7-mni  (1.25-in.)  by  101.6-mm  (4.0-in.)  slabs  of  Inconel  713c  using  bead-on-plate  and  edge 
welds.  The  filler  metal  was  preplaced  2.5-mm  (0.10-in.)  diameter  wire,  and  welds  were  made 
using  the  parameters  from  the  hot  cracking  tests.  Welding  was  followed  by  a thermal  exposure  at 
843”C  (1550”?)  for  4 hr  in  argon  [14‘*C/min  (25°F/min)  heating  rate]  in  a resistance-heated  box 
furnace.  The  numbers  of  cracks  were  determined  as-welded  and  after  heat  treament  by  visual  and 
fluorescent  penetrant  examination. 

•.  MIcroatructur*,  Phase  Stability,  and  Composition  InvoaUgatlon 

Microstructures  of  as-welded  and  thermally  exposed  welds  taken  hrom  the  Inconel  713c  hot 
cracking  specimens  were  examined  by  optical  and  electron  metallography  and  the  electron 
microprobe  analyser  to  characterize  weld  metal  micioetructure,  possible  microstructural 
changes,  and  composition.  Details  of  the  examination  are  described  in  Appendix  E. 

f.  Machanical  Proportias  Tasting 

As  part  of  Task  2,  871”C  (ISfWF)  tensile  tests  were  conducted  on  welds  in  Inconel  713c 
made  with  filler  metals  AFC-4-6,  -6-7  and  C-4  in  order  to  provide  a preliminary  indication  of 
mechanical  properties.  Specimen  fabricatimi  and  testing  details  are  presented  in  Appendix  F. 
Ten  tests  were  conduct^.  Four  specimens  welded  with  C-4  filler  metal  and  three  (each) 
specimens  welded  with  either  AFC -4-6  or  AFC -6-7  filler  metal  were  tested. 

2.  PHASE  II  PROCEDURES 

a.  Machanical  Propartlaa  Tasting 

(1)  SP^cfman  Fabrfcallon 

Phase  n mechanical  test  specimens  were  prepared  in  the  same  manner  as  Phase  I Task  2 
specimens.  Specimen  fabrication  details  are  presented  in  Appendix  F. 

(t)  FanaSa  TasSng 

Tensile  testing  was  conducted  at  either  871*C  (IfiCWF)  or  at  760'’C  (1400**F).  Testing  was 
accomplished  in  accordance  with  the  schedule  presented  in  Table  2. 

TABLE  2 

TENSILE  TEST  SCHEDULE 


FlUer  Metal 

APC-6.7 

C.4 

Inconel  625 


Number  of  Te$t$  Conducted 

87rc  (ieoo*F)  m^c  (i4oo*F 


2 3 

2 3 

1 1 


I trass  RppRira  Taatf ng 


Stress  rupture  testing  was  omducted  at  either  871*C  (1600*F)/317  MPa  (46  ksi)  or  at  760*C 
(1400*F)/562  MPa  (80  ksi).  Testing  was  accomplished  in  accordance  with  the  schedule  presented 
in  Table  3. 
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TABLE  3 

STRESS  RUPTURE  TEST  SCHEDULE 


Number  of  Te$U  Conducted 

FtUer  Metal  871  *C  (1600*F)/31 7 MPla  (46  M)  TBO’C  (14WF)ISM  MPa  (80  k$i) 

APC^7  6 6 

C-4  3 4 

Inctmel  625  5 6 

b.  Hardwar*  AppHeaMMy  Damonatrallon 

The  objective*  of  this  taek  were  to  demonstrate  the  applicability  of  the  optimized  flller 
metal,  AFC-6-7,  to  the  welding  of  an  engine  component,  and  to  compare  the  hardware  welding 
behavior  with  that  of  a state-of-the-art  filler  metal.  Inconel  625,  and  with  that  of  alloy  C-4  from 
the  prior  contract. 

The  Inconel  713c  alloy  FIDO  Tangential  On-Board  Injector  (TOBI)  was  chosen  for  this  work. 
A forward  view  of  an  as-cast  TOBI  is  shown  in  Figure  4;  an  aft  view  is  presented  in  Figure  5.  The 
TOBI  is  an  expensive  part;  and,  because  it  is  made  of  the  hi^Iy  cracking-susceptible  Inconel 
713c  and  is  highly  restrained,  it  is  very  difficult  to  weld.  Casting  defects,  such  as  cold  shuts,  laps, 
and  inclusions  occur  frequently  and  cannot  be  blended  out  and  weld-rejMired  without  severe 
cracking.  Typical  defects  locat^  by  fluorescent-dye-penetrant  inspection  are  on  the  aft  interior 
flange  (Figure  6)  and  on  the  forward  air  vent  (Figure  7) . Small  hot  tears  were  also  observed  on  the 
vane-locating  lug  radius. 

One  as-cast  TOBI,  P/N  4037634,  S/N  282,  Heat  Code  66-BVP,  cast  by  Austenal  LaPorte 
(vendor  H/C  BOIA)  in  July  1973  and  not  machined  due  to  numerous  fluorescent  penetrant 
indications,  was  obtained  for  use  in  the  weldability  evaluation.  Additionally,  one  retii^  TOBI, 
P/N  4043252,  was  obtained  to  determine  weldability  on  engine-operated  parts. 

Thrse  arsa*  were  used  for  the  weld  trials:  an  edge  to  the  forward  air  vent,  in  the  body  of  the 
TOBI  at  the  radius  of  a vane-locating  lug,  and  on  the  forward  exterior  ^nge.  These  areas  are 
shown  as  prepared  for  welding  in  Figures  8,  9 and  10,  respectively. 

A prerequisite  aspect  of  this  task  was  the  development  of  tentative  weld  repair  procedures 
which  did  not  exist  for  this  ‘unweldable*  component.  T^  development  of  a tentative  weld  repair 
procedure  was  accomplished  through  a aeries  of  trials.  The  procedure  which  evolved  is  described 
in  the  following  text. 

The  ‘defective’  area  was  removed  by  hand  grinding  with  an  air-powered  abrasive  wheel  to 
form  preparations  as  shown  previously.  The  resulting  cavities  were  to  have  as  large  a radius  as 
practical  (while  minimising  ^ depth);  smaller  radius  U-shaped  cross-section  weld  preparations 
were  less  satisfactory.  Manual  gas  tungsten  arc  welding  was  employed  in  an  argon  atmosphere 
dry  box.  Actual  welding  parameters  varied  with  the  particular  weld  and  the  welders’  judgement; 
the  range  of  parameters  used  were:  a current  of  40  to  60  amps,  aa  arc  length  of  1.6  mm  (0.06  in.) 
to  2.4  mm  (0.09  in.),  and  a welding  speed  of  approximately  0.85  to  1.69  mm/sec  (2  to  4 in.  per 
min).  The  filler  metal  wire  diameter  was  0.76  mm  (0.090  in.).  Welding  was  done  in  a maimer  to 
‘butter-on’  filler  metal  with  as  little  power  as  possible  to  minimixe  baas  metal  melting;  the  weld 
was  allowed  to  cool  to  ambient  temperature  between  passes.  Where  possible,  the  weld  passes  were 
tarmiiuted  in  locatkms  of  minimum  restraint.  For  example,  efforts  were  made  to  avoid  endmg  a 
weld  pass  in  a comer  of  the  forward  air  vent.  111*  welded  parts  were  stress-relieved  at  871  *C 
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Figure  4.  Forward  View  oflneonel  7t3c  FlOO  TOBt  — Three  areat  eeleeted  for 
wdd  repair  are:  (A)  varte'hctUing  lug  radiue,  (B)  edge  of  air  vent,  and 
(C)  forward  exterior  flange 


Mag:  3X 

n>i«MM 


Fitwt  7.  Whit9’Uiht  rtopj  and  Blaek-Ught  (bottom)  Photomaerographa  of 
Typical  Da/ectt  Detected  by  Fluoreecent  Dye  Penetrant  /rupec- 
tion  of  A$-Ca$t  Inconel  713c  FlOO  TOBl  Forward  Air  Vent 


' -r 


Fiture  8.  Weld  Preparation  (Arrow)  on  Inconel  713c  FlOO  TOBI  For- 
ward Air  Vent 


side  View 


Figure  10,  \^ew$  of  Weld  Preparation  on  Inconel  713c  FlOO  TOBI 
Forward  Exterior  Ftange 


SECTION  V 

RESULTS  AND  DISCUSSION 


1.  PHASE  I — TASK  1 RESULTS 

The  objective  of  Task  1 was  to  screen  the  seven  previously  described  Hller  metals  and  to 
select  the  more  promising  alloys  for  further  study  in  Task  2.  The  filler  metal  characteristics  of 
primary  interest  were  solidus  temperature  and  heat-affected  zone  (HAZ)  hot  cracking  resistance. 
A simple  examination  of  post-weld  heat-treatment  cracking  resistance  also  was  attempted. 

a.  Alloy  CompoaMona 

Analyzed  compositions  of  the  seven  alloys  screened  in  Phase  I,  Task  1 are  shown  in 
Table  1.  Also  included  for  reference  are  the  baseline  alloys  C-4  and  C-6  from  which  the  seven  new 
compositions  were  derived.  The  analyses  shown  correspond  closely  to  target  compositions  except 
for  those  alloys  having  carbon  levels  of  0.02  to  0.04%,  which  is  higher  than  the  intended  amount 
of  0.01%.  For  perspective,  the  alloys  studied  in  the  previous  contract  had  carbon  levels  ranging 
from  0.01  to  0.02%.  Based  on  other  weldability  studies  performed  at  Pratt  & Whitney  Aircraft 
Group,  Commercial  Products  Division,  the  0.01  to  0.02%  increase  in  carbon  level  is  not  considered 
significant. 

b.  Mailing  Bahavlor 

The  melting  behavior  of  the  seven  fliler  metak  screened  in  Task  1 are  presented  in  Table  4. 
The  solidus  temperatures  of  these  alloys  appear  to  fall  into  two  groups.  Alloys  AFC-6-1  and 
-4/11-5  have  solidus  temperatures  above  1260‘’C  (2300^F);  the  remaining  five  alloys  have  lower 
solidus  temperatures,  ranging  from  1221  to  1234*’C  (2230  to  2253'’F).  No  attempt  was  made  to 
compare  alloying  effects  within  each  group,  where  the  apparent  differences  are  smaller  than  the 
estimated  experimental  accuracy  of  ±14”C  (±26‘’F).  Minor  amounts  of  incipient  melting  were 
noted  for  five  alloys;  no  particular  significance  related  to  weldability  is  attached  to  these 
indications. 


TABLE  4 

FILLER  METAL  MELTING  BEHAVIOR 
AFC  Incipient  Afeltinji  Solidus  Liauidut 


filler  Metal 

rF) 

m 

r-Fj 

rc) 

CF) 

rQ 

6-1 

2116 

1158 

2322 

1272 

2444 

1340 

6-2 

2118 

1159 

2241 

1227 

2484 

1362 

6-3 

— 

— 

2230 

1221 

2480 

1360 

4-4 

2118 

1159 

2235 

1224 

2478 

1359 

4/11-6 

— 

— 

2305 

1262 

2620 

1382 

4-6 

2136 

1169 

2253 

1234 

2480 

1361 

6-7 

2124 

1162 

2253 

1234 

2466 

1352 

c.  Hot  CracMng  Toot  Rooiilto 

Results  of  the  initial  Task  1 weldability  trials  are  listed  in  Table  6.  As  described  previously, 
these  trials  were  conducted  in  two  sets  of  two  tests  each,  with  welding  parameters  being  modifr^ 
slightly  for  the  second  set  to  improve  weld  bead  geometry.  The  modified  welding  parameters 
represent  approximately  10%  reduction  in  the  rate  of  energy  input.  As  expected,  this  change 
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NMiltod  in  a raduction  in  the  average  number  of  cracka  from  63  cracke  per  apecimen  for  the  frnt 
eariea  to  44  cracke  per  apecimen  for  the  eecond  eariea. 

TABLE  5 

TASK  1 INITIAL  HOT  CRACKING  RESULTS 

Number  of  Ctwk$ 

Initial  Weld  Purameten  Modified  Weld  Panmetere 
AFC OveraU 


Filler  Metal 

Test  I 

Test  2 

Test  3 

Test  4 

Average 

6-1 

62 

61 

42 

46 

50 

6-2 

63 

26 

41 

51 

43 

6-3 

32 

67 

64 

16 

40 

4-4 

76 

33 

31 

30 

42 

4/11-6 

74 

46 

48 

34 

60 

4-6 

31 

66 

76 

79 

60 

6-7 

66 

82 

17 

47 

60 

Weld  Parametere: 

Initial  — 75  ampe,  16  volte,  1.1  mm/sec  (2.6  in./min)  travel  speed 
Modified  — 78  amps,  16  volts,  1.3  mm/sec  (3.0  in./min)  travel  speed 


Because  of  the  similar  compositions  of  the  seven  alloys  screened,  all  of  which  were 
modifications  of  the  beet  of  the  prior  contract  alloys,  and  the  variability  inherent  in  this  type  of 
teet,  it  was  not  considered  possible  to  discriminate  among  the  alloys  tested  on  the  basis  of  these 
results  alone.  For  this  reasm,  a second  group  of  supplemental  hot  cracking  tests  was  conducted 
using  recently  acquired  welding  equipment  capable  of  better  control  of  welding  parameters. 
Because  of  the  limited  number  of  additional  hot  cracking  specimens  available  at  this  point  in  the 
program,  a second  group  of  Inconel  713c  hot  cracking  specimens  was  employed.  Also,  specimen 
availability  restricted  testing  to  only  five  td  the  seven  filler  metals.  AFC>6-1  and  -4^11-5  were 
dropped  because  of  the  higher  solidus  temperatures  noted  earlier.  Results  of  the  supplemental 
tests  are  given  in  Table  6. 

Because  different  weld  parameters  and  a different  group  of  Inconel  713c  base  metal 
specimens  were  used,  these  results  cannot  be  compared  directly  with  the  initial  test  series.  In 
general,  the  conditions  used  in  the  supplemental  testing  resulted  in  less  cracking,  in  part  due  to 
the  lower  welding  energy  input.  This  series  of  tests  also  provided  somewhat  more  uniform 
cracking  between  specimens  than  the  initial  series  of  tests.  This  uniformity  is  attributed  in  part 
to  the  better  control  of  weld  parameters  available  with  new  equipment. 

Results  of  the,  supplemental  testing  indicate  that  alloys  AFC -4-6  and  -6-7  had  the  least 
cracking,  averaging  8 and  12  cracks  per  specimen,  respectively,  compared  with  averages  ranging 
from  19  to  24  cracks  for  the  other  three  alloys. 
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d.  Pott'WcM  H••^Tr•atln•nt  Cracking  RaauKs 

The  results  of  the  Task  1 post-weld  heat-treatment  cracking  investigation  conducted  by 
heat  treating  the  hot  cracking  specimens  are  presented  in  Table  7.  These  results  do  not  provide 
a straight-forward  comparison  of  resistance  to  post-weld  heat-treatment  cracking  due  to  the 
severity  of  the  laboratory  weldability  test.  If  the  numbers  of  cracks  for  the  two  specimens  after 
heat  treatment  are  combined  to  reduce  the  influence  of  individual  specimen  variation,  it  is  found 
that  the  total  number  of  cracks  for  each  filler  metal  are  roughly  comparable,  ranging  from  162  to 
195.  It  is  also  noted  that  the  percentage  increase  in  the  number  of  cracks  after  heat  treatment  is 
inversely  related  to  the  total  number  of  hot  cracks  before  heat  treatment.  This  uniform  extent  of 
cracking  possibly  can  be  explained  as  follows.  There  are  approximately  the  same  number  of 
potential  cracking  sites  in  the  specimens;  welding  causes  hot  cracks  at  some  of  the  sites;  and, 
because  of  the  severity  of  the  laboratory  welding  conditions  and  high  residual  stresses,  a 
consistent  fraction  of  the  remaining  sites  cracked  during  post-weld  heat  treatment.  In 
perspective,  this  approach  had  not  been  tried  before  and  was  intended  to  provide  a preliminary 
indicatimi  of  poet-weld  heat-treatment  cracking  behavior.  The  particular  conditions  in  this 
laboratory  approach  do  not  provide  a good  comparison  of  filler  metals. 

•.  8«l«ctlon  of  Candidato  Alloya  for  Taak  2 Evaluation 

The  results  of  the  Phase  I,  Task  1 work  were  reviewed  with  the  Air  Force  Program  Monitor 
to  select  candidate  filler  metals  for  further  evaluation  in  Task  2.  Based  primarily  on  the 
supplemental  hot  cracking  test  results,  where  better  resistance  to  cracking  was  exhibited, 
alloys  AFC-4-6  and  -6-7  were  chosen. 

A third  alloy,  C-4  from  the  previous  contract,  also  was  selected  for  testing  in  Task  2. 
Alloy  C-4  provided  a baseline  reference  with  the  previous  contract,  and  favorable  experience  had 
been  gained  with  it  in  welding  nickel-base  superalloy  components  where  better  welding  yields 
were  achieved  and  the  welds  demonstrated  superior  durability  in  service. 

Commercial  filler  metal  Inconel  625  was  added  to  Task  2 work  on  a limited  basis  to  provide 
a comparison  with  current  practice. 

2.  PHASE  I — TASK  2 RESULTS 

The  objective  of  Task  2 was  to  perform  additional  testing  on  the  candidate  filler  metals  in 
an  effort  to  identify  an  optimum  alloy  for  evaluation  in  Phase  II.  The  evaluation  included  hot 
cracking  and  post-weld  heat-treatment  cracking  testa,  characterization  of  weldment  micro- 
structure, phase  stability  and  composition,  and  871  ”C  (1600”F)  weldment  tensile  tests. 

a.  Hot  CraeMng  Raaulta 

The  results  of  the  Task  2 hot  cracking  tests,  summarized  in  Table  8,  indicate  that  alloy 
AFC-6-7  has  the  best  resistance  to  hot  cracking.  The  total  number  of  cracks  in  this  series  of  tests 
was  95  for  AFC-6-7,  while  for  the  other  filler  metah,  the  total  cracks  ranged  from  141  to  161.  The 
other  three  filler  metals,  AFC-4-6,  C-4  and  Inconel  625,  had  roughly  equivalent  cracking  levels. 


b.  PbtbWtM  ttoabTrMbiMiit  CrwUno  flMUItt 


r 


I 


The  ?eeulti  oi  the  poet-weld  heat-treatment  cracking  trials  conducted  during  Task  2 co  the 
3.2-fflm  (0.126-in.)  thick  Inconel  713c  slabs  are  summarised  in  Table  9.  Tliese  results  ate  for  the 
bead-on-plate  welds  only  since  the  edge  welds  did  not  provide  useful  results.  The  results  ate 
tabulated  fot  each  test  and  as  combined  results  for  both  tests.  The  combined  results  are  more 
meaningfiil  for  conaideratkm  because  they  compensate  for  the  fact  that  cracking  is  not  uniformly 
distributed.  The  extent  of  hot  cracking  as-weid^  is  roughly  comparable,  ranging  from  six  to  nine 
cracks.  The  extent  of  cracking  after  heat  treatment  is  nearly  identical  for  all  four  filler  metals. 
AFC-4-6  had  a combined  total  of  12  cracks,  while  the  other  three  alloys,  AFC-6-7,  C-4,  and 
Inconel  625,  each  had  14  cracks.  These  post-weld  heat-treatment  cracking  test  results  were 
viewed  as  not  amenable  to  making  comparisons  in  cracking  resistance,  but  they  did  eliminate 
concern  that  the  new  alloys  might  have  poor  cracking  resistance.  These  results  also  suggest  that 
there  is  no  substantial  difference  in  port-weld  heat-treatment  cracking  resistance  for  the  four 
filler  metals. 

c.  Mlero«trueliir«,  niM«  Stability  and  Cooipoaltlon  Examlnatlen 

The  results  of  the  micrastructure  and  phase  stability  investigation  are  summarized  in  Table 
10.  Tyjdcally,  gamma  prime  (yO  and  MC-type  carbides  were  observed  in  weld  metal  in  the  “as- 
weld^’’  crmditimi.  T^rmal  exposure  at  8ti*C  (ISbO^F)  for  48  hr  produced  little  change  in 
weldment  microstructure  except  in  the  Inconel  625  weldment  wlwre  MnC«  type  carbides 
precipitated  in  the  grain  bound^es.  After  200  hr  at  843”C  (1560”F),  carbides  rt  the  MnC,  type 
were  observed  in  the  grain  boundaries  of  all  weldments  except  in  the  AFC-6-7  weldment.  Traces 
of  Laves  phase  were  detected  in  the  AFC-4-6  weldment  and  orthorhombic  i(NiaCb)  was  foimd  in 
all  three  experimental  alloy  weldments.  In  summary,  no  significant  potentially  detrimental 
micrortructurai  chartges  were  observed  in  thermally  exposed  weldments.  A more  detailed 
micnstructure  review  is  contained  in  Appendix  G. 

Concentration  profiles  were  obtained  on  the  three  experimental  filler  metal  weldments 
exposed  at  843*C  (1560*F)  for  200  hr;  these  results  are  presented  in  Appendix  G. 

d.  ttoebanlcal  FropartKa  Tati  Raaiiila 


The  results  of  the  871*C  (1600*F)  tertsile  tests  of  welds  made  with  filler  metals  AFC-4-6, 
-6-7,  and  C-4  are  presented  in  Table  11.  The  firactures  were  all  aasociated  with  the  welds.  The 
AFC-4-6  specimens  fractured  through  the  heat-affected  sene  and  at  the  edge  of  the  fusion  sons; 
the  AFC-^7  specimens  all  failed  throuf^  the  fuskm  zone;  and  the  C4  specirttens  firactured 
through  either  the  heat-aflheted  zone  or  fusion  zone.  The  strengths  of  weldi  made  with  alloys 
AFC-6-7  and  C-4  were  equivalent  while  the  AFC-4-6  weld  strengths  were  slightly  lower. 

a.  lalaaHan  af  aa  OpdmlMd  AHay  far  Fhaaa  II  leabiaflaw 

At  the  conclusion  of  Phase  I,  the  experimental  results  discussed  above  were  reviewed  with 
the  Air  Force  Program  Monitor  and  alloy  AFC-6-7  was  selected  as  the  optimum  filler  metal  for 
characterisation  in  Phase  II.  The  primary  basis  for  this  selection  was  the  improved  hot  cracking 
reaistartce  exhibited  by  alloy  AFC-6-7,  coupled  with  a slight  strength  advantage  compared  to 
experimental  alloy  AFC-4-6,  and  with  the  absence  of  any  undesirable  side  effects  such  as 
metallurgical  instabilitios  or  reduced  port-weld  heat-treatment  cracking  resistance.  As  in  the 
Phase  I,  Task  2 work,  alky  C-4  fitm  the  prior  contract  and  the  commercial  filler  metal, 
IncotMl  625,  were  included  as  baseline  references  in  the  Phase  II  investigation  described  below. 
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TABLE  9 

TASK  2 INCONEL  713c  POST-WELD  HEAT-TREATMENT  CRACKING  RESULTS 


TABLE  10 

MICROSTRUCTURE  PHASE  IDENTIFICATION  IN 
INCONEL  713c  WELD  METAL 

Heat-Treated  at 


843*C/1SS0*F 

Filler  Metal 

As-Welded 

48  hr 

200hr 

AFC-4-6 

y,  y.MC 

y,  V.MC 

y,  y,MC 
M«C.. 

Laves  (trace) 

AFC-6-7 

y,  y.MC 

y,  y.MC 

y,  7',MC, 
(trace) 

C-4 

y,  y,MC 

y,  y,MC 

7,  7',MC, 

M„C, 

Inconel  625 

y,  7',MC 

y,  y,MC, 
MuC. 

7,  7',MC, 

M„C, 

TABLE  11 

871  "C  (ieOO*F)  TENSILE  PROPERTTES  OP  EXPERIMENTAL 
FILLER  METAL  WELDMENTS  IN  INCONEL  713c 


0.2%  Offset 

Ultimate  Tensile 

Test 

Yield  Streu 

Strength 

Elongation 

Failure 

Filler  Metal 

Identity 

mSM 

msm 

mam 

Location 

AFC-4-6 

1 

103.0 

710.2 

120.6 

831.5 

3.0 

HAZ-FL'*"*‘ 

2 

101.4 

689.1 

122.1 

841.8 

3.0 

HAZ-FL 

3 

96.6 

669.1 

116.8 

798.4 

3.0 

HAZ-FL 

Averase 

100.0 

689.5 

119.5 

823.9 

3.0 

— 

AFC-8-7 

1 

106.6 

721.4 

116.6 

803.9 

3.0 

FZ'*' 

2 

108.0 

744.6 

128.4 

886.3 

3.0 

FZ 

3 

113.8 

784.6 

124.4 

867.7 

3.0 

FZ 

Average 

109.1 

762.2 

123.1 

849.0 

3.0 

— 

C-4 

1 

116.7 

797.7 

134.3 

926.0 

3.0 

FZ 

2 

111.0 

766.3 

128.1 

883.2 

3.0 

FZ 

3 

100.0 

689.6 

126.0 

861.8 

3.0 

HAZ 

4 

109.0 

761.6 

128.4 

886.3 

3.0 

HAZ 

Average 

108.9 

761.1 

128.9 

889.1 

3.0 

— 

"’HAZ  - HMt-AfliKtad  Zoo* 
"'FL  * FWioii  Um 
» Puikiii  ZoM 
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miASE  II  MtULTS 


s. 

a.  MaehMleii  Prepartlaa  Tmi  RmuHs 
(1)  r«Ml«  PrapartlM 

TensUe  ta«to  wen  conducted  at  871  (1800‘F)  and  at  70O*C  (1400*F).  The  neults  of  these 

teata  an  pnsented  in  Tables  12  and  13,  napectively.  Originally,  tensile  teste  wen  to  be  performed 
at  room  tempentun  as  well,  and  sevenl  additional  tests  wen  to  be  performed  at  each  elevated 
tempentun.  However,  since  all  elevated  tempentun  tests  failed  in  either  the  heat-affected  zone 
or  in  the  pannt  metal,  thus  precluding  any  valid  comparison  between  filler  metals,  all  additional 
tests  wen  canceled  and  the  specimens  made  available  for  stress-ruptun  testing. 


TABLE  12 

871*C  (1600“F)  WELDMENT  TENSILE  PROPERTIES 


Filler  Metal 
(Specimen  No.) 

0.2%  Offaet 
Yield  Strength 
(k$i)  (MPa) 

Ultimate  Tensile 
Strength 
(ksi)  (MPa) 

Elongtdion 

(%) 

Failure 

Location 

0-4(4) 

86.7 

697.8 

HAZ'*' 

0-4(6) 

104.6 

720.6 

106.3 

746.7 

4.0 

HAZ 

AFO-6-7(6) 

104.3 

719.2 

104.6 

721.2 

2.0 

HAZ 

APO-6-7(7) 

— 

— 

98.7 

680.6 

— 

PM'*' 

Inctmel  ^(3) 

104.6 

721.2 

106.3 

726.0 

3.0 

HAZ 

HAZ:  Haat-Affactsd  Zone 
FM:  Pumt  M«Ul 

"’Failed  pfior  to  0.2%  0(bat  Yield  Strength  at  area  cantaining  larfe  aaeouata  of  ihrinhage  paraaity. 


TABLE  13 

780*0  (1400*F)  WELDMENT  TENSILE  PROPERTIES 
0.2%  Offttt  Ultimate  Tenmie 


Filler  Metal 
(Specimen  No.) 

Yield  Strer^h 
(ksi)  (MPa) 

Strength 
(M) (MPP) 

Elongation 

(%J 

Failure 

Location 

0-4(1) 

118.8 

819.1 

127.6 

879.8 

3.0 

HAZ 

0-4(2) 

132.1 

910.8 

139.6 

962.5 

3.0 

PM 

0-4(3) 

122.2 

842.6 

137.3 

946.7 

6.0 

PM 

0-4  Average 

124.4 

867.6 

134.8 

929.7 

3.7 

AFO-6-7(l) 

126.2 

870.2 

138.4 

964.3 

4.0 

HAZ 

AFO -6-7(3) 

— 

— 

— 

— 

— 

PM'*' 

AFO-6-7(4) 

129.7 

894.3 

136.6 

936.0 

2.0 

HAZ 

AFO -6-7  Average 

127.9 

882.2 

137.0 

944.6 

3.0 

Inconel  626(1) 

127.3 

877.7 

136.7 

942.6 

3.0 

HAZ 

HAZ;  Heat-Affected  Zone 
PM:  Patent  Metal 

"’Failed  during  teat  eet-up  at  area  containing  large  inclueion. 


Stnn  ruptui*  tMte  wm»  eonductod  at  871*C  (1600*F)^17  MPa  (46  ksi)  and'at  70O*C 
(1400*F)/562  MPa  (80  ksi).  Ths  laauHs  of  thsss  tasta  art  piasantad  in  Tabiss  14  and  15, 
laspsctivsly. 


At  871  *C  (1800*F)/S17  MPa  (46  ksi),  tbsavstafs  UfctonqAuiaof  thsfiUsr  nwtalspacimans 
i«as  as  fottoKs:  C4.  31A  hr,  AFC<6-7,  IBJi  hr,  and  hwond  6U,  20.6  hr.  Filler  metals  C-4  and 
AFC*6>7  had  M%  and  30%  fiaatar  assHUS  Uve^  ranpacthraiy,  than  Inconel  626.  Ductilities  wne 
similar.  FVacture  occurred  in  ths  takn  sons  in  all  spacimsns. 

At780*C  (1400*F)/6S8  MPa  (80  ksi),  the  avarafs  life  to  rupture  of  the  filler  metal  specimens 
was  as  follows:  AFC-8-7,  63.1  hr.  Inconel  825,  30.6  hr,  and  C-4,  no  valid  results.  Filler  metal 
AFC-6-7  had  a 110%  greater  average  life  than  Inconel  626.  Ductilities  were  similar.  Fractures 
occured  in  the  heat-affected  sone  or  in  ths  fusion  sons. 

All  fracture  surfacee  were  eiamined  under  a light  microscope  and  suspect  specimens  were 
submitted  for  scanning  electron  microecope  (SEM)  examination.  The  SEM  examination  revealed 
shrinkage  porosity  in  heet-affected  sons  fractures  and  shrinkage  or  gas-type  porosity  in  fusion 
zone  fiacturee  in  several  specimens.  Additionally,  prior  cracks,  undetected  X-ray  radiography, 
were  found  in  two  specimens.  These  specimens  were  not  included  in  average  life  calculations 
because  these  defects  were  believed  to  contribute  to  premature  failures.  Two  specimens, 
Inconel  625(11)  and  Inconel  626(14),  exhibited  very  lamellar  fracture  surfaces  occurring  along  the 
primary  dendrite  direction  (Figure  11).  The  fractures  occurred  at  the  center  of  the  fusion  zone. 
Since  no  defects  were  obvious,  these  results  were  included  in  average  life  calculations.  No 
explanation  was  found  for  the  extremely  low  life  of  specimen  Inomel  626(7). 

TABLE  14 

871*C  (1600*F)/317  MPa  (46  ksi)  WELDMENT 
STRESS-RUPTURE  PROPERTIES 


Life  to 


Filler  Metal 
(Soeeimen  No.) 

Rupture 

(hr) 

Elontation 

(%) 

Failure 

Location 

Comments 

C-4(10) 

37.7 

2.6 

FZ 

C-4(ll) 

28.6 

2.6 

FZ 

C-4(12) 

28.3 

2.6 

FZ 

C-4  Average 

31.6 

2.6 

— 

AFC-8.7(13) 

34.2 

3.0 

FZ 

APC-6.7(14) 

30.0 

3.2 

FZ 

AFC-6-7(16) 

26.6 

2.9 

FZ 

APC-6-7(2) 

24.9 

4.0 

FZ 

AFC-6-7(6) 

28.0 

3.0 

FZ 

AFC-6-7  Average 

28.6 

3.2 

— 

Inconel  626(9) 

22.9 

2.7 

FZ 

Inconel  626(10) 

21.7 

2.0 

FZ 

Inconel  626(11) 

12.8 

3.6 

FZ 

SEM  ExamiiMtion 
No  Irregularities 

Inconel  626(12) 

23.9 

2.9 

FZ 

Inconel  625(13) 

21.4 

2.7 

FZ 

Inconel  626  Average 

20.6 

2.8 

— 

TABLE  16 

7eO*C  (1400*F)/562  MPa  (80  kai)  WELDMENT 
STRESS-RUPTURE  PROPERTIES 

Uft  to 


FiUm  Metal 
(Soeemm  No.) 

Rupture 

(hr) 

Elongation 

(%) 

Failure 

Location 

Commanta 

C-4(7) 

16.3* 

2.6 

HAZ 

SEM  Examination 
Prior  C»ck 

C-4(8) 

9.4* 

2.4 

FZ 

SEM  Examination 
Pocoaity 

C-4(9) 

1.0* 

2.6 

HAZ 

SEM  Examination 
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Figure  11.  Fmeture  Surface  of  Inconel  826  Specimen  (No.  14)  lUuetrat- 
ing  Lamellar  Failure  Along  Primary  Dendrite  Diction 


b.  Hbrdwar*  AppUcbbUty  Dbmoiwbation  RmuN* 

The  objectivee  of  this  teek  eme  to  demonstrate  the  applicability  of  the  optimized  filler 
metal,  AFC-6-7,  to  welding  an  engine  component,  and  to  compare  the  hi^ware  welding  behavior 
with  a state-of-the-art  filler  metal.  Inconel  625,  and  with  alloy  C-4  from  the  previous  contract. 

A series  of  trials  were  made  at  PAW  A/Florida  and  P&WA/Connecticut  to  develop  tentative 
weld-repair  procedures  for  critical  areas  on  the  TOBI.  This  was  necessary  since  no  established 
procedures  ezisted  because  the  part  has  been  too  difficult  to  weld  reliably.  The  procedures  which 
were  developed  are  described  in  Section  IV.2.b.  The  weld  repair  on  the  forward  exterior  flange, 
shown  as-welded  in  Figure  12,  was  successful  in  avoiding  cracking  with  all  three  filler  metals.  The 
relatively  low  restraint  associated  with  that  weld  was  beneficial.  Although  improvements  were 
realised  in  the  eeriee  of  trials,  it  was  not  poesible,  within  the  scope  of  this  program,  to  develop 
welding  procedures  which  consistently  avoided  cracking  at  the  forward  air  vent  or  the  vane- 
locating  lug.  It  was  possible  to  achieve  repairs  at  the  edge  of  the  forward  air  vent  (Figure  13)  with 
only  one  heat-affected  zone  crack  which  persisted  in  the  comer  of  the  opening.  This  cracking 
might  be  elimirtated  if  the  weld  were  mov^  a little  further  away  from  the  comer.  At  the  vane- 
locating  lug  (Figure  14),  repairs  were  made  which  had  only  one  crack.  No  attempts  were  made  to 
reweld  or  blend  out  the  cracks  although  those  procedures  are  viable  remedies.  In  perspective, 
both  of  the  “repairs”  were  relatively  ambitious  since  they  involve  high  restraint  in  a crack- 
susoeptible  material,  and  thus  they  are  more  prime  to  cracking.  It  is  possible  that  reducing  the 
weld  size  and  other  modifications  could  produce  crack-free  repair  welds  at  the  forward  air  vent 
and  vane-locating  lug;  however,  this  could  not  be  pursued  within  the  scope  of  this  program. 
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Figure  14.  Aa-WekMRqtair  on  Inconel  713eFJOOTOBIVane-Loeoting 
lug 
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All  thiM  filler  metals  were  used  in  the  series  of  repair  trials  in  an  attempt  to  compare  their 
hardware  welding  behavim.  The  results  of  all  the  repair-weld  trials  provide  a limited  comparison. 
In  the  repair  at  the  air  vent,  AFC-6-7  was  slightly  more  crack-resistant  than  alloy  C-4  and  both 
alloys  were  cleariy  better  than  Inconel  625.  All  three  filler  metals  behaved  equally  well  in  repair 
welds  at  the  vane-locating  lug.  Since  the  forward  exterior  flange  repair  welds  were  crack-fiee,  they 
did  not  provide  a means  of  comparison.  In  summary,  the  complexities  of  welds  on  hardware  did 
not  provide  a situation  which  strongly  differentiated  between  filler  metal  welding  characteristics; 
howler,  AFC-6-7  offers  some  advantage  in  the  most  highly  restrained  and  difficult  repair. 

A final  consideration  in  the  applicability  of  the  new  filler  metal  is  the  welding 
characteristics  from  the  welder’s  viewpoint.  Filler  metals  Inconel  625  and  C-4  were  regarded  as 
having  equivalent  welding  characteristics.  Both  alloys  wetted  and  flowed  well  and  welded  easily. 
Alloy  AFC-6-7  was  somewhat  more  difficult  to  use;  it  had  less  fluidity  and  welded  less  readify. 
However,  satisfactory  welds  were  achieved  with  slightly  more  care,  and  AFC-6-7  is  definitely 
applicable  for  welding  engine  components. 

4.  DISCUSSION 

Based  on  the  results  of  the  hot  cracking  weldability  tests,  alloy  AFC-6-7  was  selected  as  the 
optimum  composition.  The  solidus  temperature  of  AFC-6-7  was  in  the  lower  group  which,  in  prior 
experience,  correlated  with  improved  resistance  to  hot  cracking.  Attempts  to  evaluate  resistance 
to  post-weld  heat-treatment  cracking  did  not  produce  definitive  results,  but  the  tests  did  indicate 
that  the  new  filler  metal  will  be  equivalent  to  the  existing  filler  metals,  if  not  better. 

No  significant  microetructure  or  phase  thermal  stability  problems  were  encountered  after 
elevated-temperature  exposure. 

The  mechanical  properties  of  welds  made  with  AFC-6-7  were  better  than  those  of  welds 
made  with  the  filler  metal  C-4  and  with  Inconel  625;  the  mechanical  properties  advantage  of 
AFC-6-7  over  Inconel  625  is  expected  to  be  larger  in  welds  with  less  base-metal  dilution. 

The  use  of  AFC-6-7  in  the  repair  of  the  TOBI  demonstrated  its  applicability  to  hardware. 
The  alloy  offered  an  advantage  in  weldability  in  the  more  highly  restrained  forward  air  vent;  no 
difference  in  sreldability  was  observed  in  the  less  restrained  repairs.  Because  AFC-6-7  is  an  age- 
harderuble  alloy,  the  higher  strength  of  the  weld  is  «q)ected  to  provide  a more  durable  repair 
than  can  be  achieved  srith  the  state-of-the-art  filler  metals. 


1.  TIm  optimum  filler  metal  ia  alky  AFC-6‘7;  the  compoeitkii  is:  Ni-balance.  Cr-19.4.  Pe-11.9, 
Ta-6.3.  Cb-3.2.  Ti-0.91.  Al-0.78.  Mn-2.7.  C-0.02,  B-0.016,  and  Zr-0.07. 

2.  Alloy  AFC-6-7  demonatrated  the  beet  reaiatance  to  heat-affected  tone  hot  cracking  in 
labontocy  teeta  adiich  omrelated  with  the  low  aolidua  temperatuie  of  tte  alloy. 

3.  No  aubatantial  difliarence  in  poet-weld  heat-traatment  encking  reaktance  waa  found 
between  any  of  the  alloya. 

4.  Welde  made  with  AFC-6-7  filler  metal  in  Inconel  713c  had  better  ekvated  temperatuie 
tenaile  and  atieaa-ruptuie  ptopertka  than  welda  made  with  Inconel  625  filler  metal;  Arc-6-7 
filler  metal  weld  propertiea  were  oomparabk  with  thoee  of  filler  metal  C-4. 

5.  No  microetructuie  thermal  inatability  waa  found  in  welda  in  Inconel  713c  made  with 
AFC-6-7  filler  metal. 


Arc-6-7  filler  metal  can  be  uaed  to  weld-repair  engine  componenta;  it  oCfoia  an  advantage 
in  weldability  in  certain  aituationa  and  providea  a potentialty  more  durabk  weldment  thiin 
atate-of-the-art  nonhardenaMe  fiUer  metak. 
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MCnON  VN 
mCOMMlNDATIOIIt 


1.  AFC-6-7  fiUflf  metal  ahould  be  ueed  to  weld-iepair  engine  componente  for 
engine  teet  to  better  evaluate  the  viability  of  the  alloy  in  an  application 
under  eerviee  oonditioos. 

2.  Additional  mechanical  piopertiee  teete  ahould  be  conducted  on  weld  metal 

which  ie  undiluted  by  the  baae  metal  to  better  compare  in 

pcopertiee  between  AFC-6-7,  C-4,  and  Inconel  626. 

3.  Additional  teating  ahould  be  conducted  on  welda  to  determine  and 

hot-oocroaion  behavior. 


AmNOIX  A 
WHIE  FAimCATION 


Win  waa  fabricated  in  eauntially  the  same  manner  as  in  Phase  m of  the  pnvious  contract; 
the  work  was  done  by  P&WA  personnel  at  the  Middletown,  Connecticut  facility.  A 500-gm  ( ~ 
one-pound)  master  billet  of  each  experimental  alloy  was  prepared  by  arc-melting  in  a Leybold- 
Heraeus  Model  VA-L-200H  vacuum  arc  melting  furnace.  High-purity  pellets  of  each  element, 
mixed  in  a copper  crucible,  wen  arc  melted  in  a vacuum  furnace  back-Hlled  with  high-purity 
argon  inert  gas.  Hie  master  billet  was  nmelted  and  poured  into  copper  chills  to  form  three  drop 
castings  12.7  mm  (0.60  in.)  in  diameter  by  127.0  mm  (5.0  in.)  long.  The  drop  castings  wen 
annealed  at  1038  to  1066*C  (1900  to  1960°F)  for  20  minutes.  Upon  cooling,  one  casting  was  belt- 
sanded  to  nmove  any  oxides  and  cold-swaged  with  a Fean  Manufacturing  Company  rotary 
swaging  machine.  Models  No.  1, 2, 3,  and  5.  Several  successive  anneal,  belt-sand,  and  swage  steps 
wen  necessary  to  reach  a final  win  diameter  of  2.6  mm  (0.100  in.).  This  diameter  provides  the 
correct  amount  of  material  for  the  hot  cncking  weldability  test.  Pnheating  and  intermediate 
annealing  wen  accomplished  in  a Lindberg  Type  GlO  radiant-heated  electric  furnace. 
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APKNDIX  ■ 

MELTING  BEHAVIOfI  OETEIIMINATION 


A Dupont  Model  900  diffeiential  thermal  analyzer  waa  used  to  determine  melting  behavior 
of  small  samples  taken  from  the  wire  of  each  all^.  The  system  includes  a heating  block  to 
distribute  heat  evenly  to  sample  and  reference  materials;  a programming  device  and  heater  to 
change  the  temperature  of  the  block  at  a uniform  and  predetermined  rate;  a high-gain,  low-noise 
pieampUlier  to  increase  the  seruitivity  of  AT  measurement;  and  a variable-seiuitivity  recorder  to 
plot  AT  as  a functi<m  of  temperature. 

The  differential  thermal  analyser  utilizes  a differential  thermocouple  arrangement 
consisting  of  two  thermocouples  wired  in  opposition.  One  thermocouple  is  plac^  in  a sample  of 
the  nuterial  to  be  analsrzed  and  the  seomd  thermocouple  is  placed  in  an  inert  reference  material, 
in  this  case  nickel,  which  has  been  selected  since  it  will  undergo  no  thermal  transformatioiu  over 
the  temperature  range  being  studied.  When  the  temperature  of  the  sample  equals  the 
temperature  of  the  reference  material,  the  two  tharmocouples  produce  identical  voltages,  and  the 
net  vohafe  output  is  zero.  When  sample  and  reference  temperatures  differ,  the  resultant  net 
voHafe  differential  reflects  the  difference  in  temperature  between  sample  and  reference  at  any 
point  in  time. 

The  sample  and  reference  materials  are  placed  cloee  together  in  the  heating  block  which  is 
eithsr  heated  or  cooled  through  the  temperature  range  of  interest. 

In  addition  to  the  sample  and  reference  thermocouples,  a third  thermocouple  is  used  to 
measure  the  heating  block  temperature  and  to  control  the  rate  of  heating  or 

As  the  enviroiunental  temperature  is  changed,  the  temperatures  of  sample  and  reference 
also  change.  In  the  absence  of  physical  or  chemical  changes,  the  temperature  differential  (sample 
temperature  minus  refermce  temperature)  remains  zero.  When  a temperature  is  reached  where 
a physical  change,  such  as  melting,  occurs  in  the  sample  but  not  in  the  inert  reference  material, 
tlw  sample  temperature  no  longer  equals  the  reference  temperature  and  a temperature 
differential  is  observed  shich  is  then  related  to  melting  behavior. 


APPENDIX  C 

WELDABILITY  TEST  SPECIMEN  FABRICATION 


WeldabUity  test  epecimm  wen  cast  at  the  P&WA  Manchester,  Connecticut  foundry  using 
conventional  vacuum  induction  melting.  Eight  specimens  wen  made  per  mold;  the  M>wiinir 
molds  wen  made  hy  the  lost  wax  proceee.  The  pour  temperatun  of  the  melt  was  1638®C  (2800*F), 
and  the  mold  pnheat  temimtun  was  982*C  (1800'P).  After  nmoval  ftom  the  molds,  the 
castings  wen  inspected  ndiognphically  (2%  sensitivity)  and  with  fluorescent  penetrants  to 
avmd  using  qiedmens  with  casting  defecU  in  the  area  of  the  weld. 
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AmNDa  D 

TAM  1 potT-wiLo  mAT-nmATmm  ciiAciafifa  utr 


TIn  TMk  1 pott'Wtld  hMt-tiMtiBent  cracUiif  tMts,  iHUch  wm  ptffomiMl  on  the  hot 
enddnf  epecimene,  need  the  ftdlowing  tbermel  espoeuie  conditioiie:  843*C  (1660*F)  for  4 hr  in 
fknring  ugon;  the  heeting  rate  wae  controlled  at  14*C  (26*F)  per  minute;  and,  at  the  concluaion 
of  the  csrde,  forced  air  cooling  waa  uaed.  A reaiatance-heated  boa  furnace  located  at  the  Pratt  A 
Whitney  Aircraft,  Middletown,  Connecticut  focility  wae  uaed  for  heat  treatment.  The 
temperature  wae  monitored  with  a platinum/platinum-rhodium  thermocouple  inaerted  between 
the  epedmena.  The  apedmene  wen  heat  treated  in  two  groupa  of  five.  They  wen  placed  etanding 
on  edge  with  the  narrow  end  towarda  the  domr;  dummy  apecimena  woe  uaed  at  each  edge  of  the 
group  to  act  aa  a ahield  foom  the  aide  heating  elementa  and  enaum  that  the  teat  apecimena  heated 
at  appmimatdy  equal  ratea.  The  apecimena  wen  examined  in  the  aame  maimer  aa  waa  uaed  to 
detOTiniiw  the  1^1  of  hot  cmcUng  in  mder  to  eetabliah  the  number  of  poet-weld  heat-treatment 
cracka,  which  wen  aaaentially  the  aame  aa  hot  cracka  in  natun. 
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APPENDIX  E 

l■ICROSTnuCTURE.  PHASE  STABILITY  AND  COMPOSITION  INVESTIGATION 


Portions  of  the  weldment  for  each  filler  metal  were  given  thermal  exposures  by  heating  to 
843”C  (1550”F)  for  46  and  200  hours  in  a resistance-heated  tube  furnace  with  an  argon 
atmosphere.  This  condition  produces  precipitation  of  phases,  such  as  Laves  and  sigma,  which  are 
associated  with  microetructural  instability  in  nickel-base  superalloys.  Metallographic  specimens 
were  prepared  by  conventional  means  and  etched  with  an  etchant  containing  50  ml  lactic  acid, 
30  ml  nitric  acid,  and  2 ml  hydrofluoric  acid.  The  specimens  were  examined  using  optical  and 
electron  metallography.  Standard  extraction  replicas  were  prepared  and  examined  in  a Philips 
EM  300  electron  microscope  to  determine  phase  morphology.  Phase  identification  and 
composition  were  accomplished  with  the  use  of  an  ETTIC  Autoprobe  scanning  electron 
microscope  and  electron  microprobe.  Weld  and  heat-affected  zone  composition  profiles  were 
obtained  on  three  experimental  filler  metal  weldments  exposed  at  843*’C  (1650°?)  for  200  hours. 
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APPENDIX  P 

MECHANICAL  PROPERTIES  TESTING 


Butt  welds  were  made  with  the  various  filler  metals  between  3.2-mm  (0.125-in.)  thick  by 
31.7-mm  (1.26-in.)  by  101.6-mm  (4.0-in.)  cast  Inconel  713c  pieces  to  provide  welded  panels  for 
fabrication  of  mechanical  properties  test  specimens  for  Phase  I Task  2 and  Phase  II  testing.  Weld 
parameters  are  the  same  as  for  the  Phase  11  hot  cracking  tests. 

After  welding,  the  plates  were  examined  visually  and  with  fluorescent  penetrants. 
Transverse  weld  mechanical  test  specimens  (Figure  F-1)  were  machined  from  areas  free  of  surface 
cracks.  Weld  beads  were  ground  flush  with  the  base  metal.  After  preparation,  the  specimens  were 
examined  by  X-ray  radiography. 

Tensile  tests  were  conducted  on  a 1.33-MN  (300,0(X)-lb)  Young  testing  machine  equipped 
with  a zone-type  resistance-heated  furnace  for  elevated-temperature  testing.  Temperature  was 
measured  and  controlled  with  a Chromel-Alumel  thermocouple. 

Stress  rupture  tests  were  conducted  at  Joliet  Metallurgical  Laboratories,  Joliet,  Illinois. 


0.125  In.  R (4)  Places  0.250  In.  Drill  (2)  Holes 


Figure  F-1.  Termle  and  Streu-Rupture  Mechanical  Te$t  Specimen  (Weld  Bead 
Ground  Fkuh) 
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The  microetructute  of  the  filler  metal  weldmente  in  the  "ae-welded”  and  themally  ezpoeed 
oonditiona  are  eummarised  in  Table  G-1.  Fifuree  coReoponding  to  the  specific  alloys  are  listed  in 
Table  G-1. 


TABLE  G-1. 

MICROSTRUCTURE  PHASE  IDENTIFICATION  IN  INCONEL  713c 

WELD  METAL 


Hmt  TVeeterf 


hittal 

AM-WtUnd 

46  kr 

aOOhr 

AFC-4-6 

FlgUN  G-1 

7.  y 

blocAy  CbC 
script  (Ti,Cb)C 

Flfvm  G-2 

7,  y 

script  (Ta,Cb)C 

Ftgm  G-3 

7.  7' 

(Ts.Cb)C 

(CrAio)^  (Flfiifs  G-4); 
<-NUCb,Ta).  (Fism  G-5); 
Lavas-NMCb,Ta),  (Flsurs  G-5); 

AFC-6-7 

FifUfs  G-6 
bio^  (Cb,’n.T«)C 

Figttfs  G-7 
bio^  (Cb,Tl,Ta)C 

Flfuis  G-8 

7,  y 

(Cb,’H,Ts)C 

(Cb,Ta)C 

«-NMCb,Ta),  (FMpii*  G-9); 

C-4 

Fifurs  G-10 

7.  y 

blodiy  CbC 
script  (T«.Cb)C 

Flfurt  G-II 

7,  y 

script  (Ta,Cb)C 

Flfiuv  G12 

7.  y 

(Ti,Cb)C 

(CrJMoliA 

<-NMCb,Ta) 

InewMl  625 

Fifun  G-13 

7.  y 

blocky  CbC 
script  (Ta,Cb>C 

Fifuis  G-14 

7.  y 

CbC 

(Ta,Cb)C 

(Cr,Mo)^ 

PlfUM  G-15 

7.  7" 

CbC 

(Tt.Cb)C 

(CrAloliA 

All  filler  metal  weldments  contained  the  y matrix  and  fine  y'  precipitates.  Blocky  CbC 
carbides  and  script  (Cb,Ta)C  carbides  were  observed  “as-welded”  in  all  but  the  ATC-S-T 
weldment.  During  the  thermal  exposure,  some  of  the  CbC  carbides  transformed  to  script 
(Cb,Ta)C  carbides  and  additional  (Cb,Ta)C  was  precipitated.  The  AFC-6-7  weldment  contained 
script  (Cb,Ti,Ta)C  carbides  in  ail  conditions. 

A heavy,  grain  boundary  precipitation  of  (Ct,Mo)mC»  carbides  occurred  during  the  48-hour 
thermal  exposure  of  the  Inconel  625  weldment  (Figure  G-14).  Additonal  (Cr,Mo)nCt  precipitaticm 
occurred  during  the  200-hr  thermal  exposure.  (Cr,Mo)M(],  was  also  observed  in  Arc-4-6  and  C-4 
weldments,  but  only  after  the  200-hour  thermal  exposure  (Figure  G-4).  Moderate  amounts  of  6 
phase,  consisting  of  orthorhombic  Nit(Cb,Ta),  were  observed  in  the  C-4  and  Arc-4-6  weldments 
after  the  200-hour  thermal  exposure  (Figure  G-6).  Trace  amounts  of  6 phaae  were  observed  in  the 
Arc-6-7  weldment  after  the  200-hour  thermal  exposure  (Figure  G-9). 

A trace  amount  of  Laves  phase,  consisting  of  Nit(Cb,Ta),  was  obeerved  in  the  Arc-4-6 
weldment  after  the  200-hour  thermal  exposure  (Figure  G-6). 

In  summary,  ito  significant,  potentially  detrimental  microetructural  changes  were  obeerved 
in  the  thermally  exposed  weldments. 
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Conotntmtkn  ptofilM  wan  obtained  on  the  tbne  eipeiimantal  filler  metal  weldmenta 
eipoaed  at  843*C  (1660*F)  for  200  houn.  Spot  compdritioiia  wen  determined  beginning  in  the 
haet>afliMtad  aona  and  pcogreaaing  into  the  weld  metal.  Compoaitkas  am  pieeentad  in  Tablea 
0*2, 0<3  and  and  Imtion  photomicrognpha  an  pnaentad  in  Figuraa  G-16,  G-17  and  G>18 
for  filter  matate  AFC>44,  AFC-^7  and  C-4  leapactively. 

Dilution  calculatiana  wen  made  baaed  on  the  compoaition  proAlaa.  However,  aitmma 
variatiooa  in  dilutiooa  wen  indicated.  For  example,  in  filler  metal  AFC-4-6,  calculations  baaed  on 
chromium  meaaunmente  indicate  that  the  weld  metal  conaiata  of  30%  filler  metal  and  70%  base 
metal.  Baaed  on  iron  measunmente,  the  weld-metal  composition  was  10%  filler  metal  and  90% 
base  metal.  To  determine  if  weld-metal  aegregatioo  occuned  to  any  extent,  a composition  profile 
waa  made  down  the  center  of  the  AFC-4-6  weldment.  Composition  and  a location  photomicro- 
graph an  presented  in  Table  G-6  and  Figun  G-19.  A oonsidenble  composition  variation  exists. 
Tantalum  and  iron  particularly  segngate  to  the  bottom  of  the  weld.  Manganese  and  columbium 
tend  to  segregate  towards  the  bottom  of  the  weld.  Chromium  mmains  nlatively  evenly 
distributed.  Nickel,  molybdenum,  aluminum  and  titanium  segngate  to  the  top  of  the  weld. 
Figun  G-20  Uluatntes  the  tnnda  in  weld  metal  composition.  The  naaons  for  the  trends  an  not 
clear,  Irjt  an  believed  to  be  a complex  combination  of  chemical  activities,  difiusivities,  weld 
metal  solidification  kinetics  and  gnvitational  effects.  Baaed  on  these  obaervatioiu,  the  chromium 
measunments  wen  chosen  as  the  most  accunte  indicator  of  weld  metal  dilution.  This  result 
(30%  filter  metal  and  70%  base  metal)  compared  favonbly  with  pn-weld  calculations  and 
measurements  made  in  the  previous  contract. 


TABLE  G-2. 

CONCENTRATION  PROFILE  FOR  FILLER  MFTAL 
AFC-4-6  WELDMENT:  COMPOSHION  IN  WEIGHT 
% BY  LOCATION 


Location 


EitmmU 

I 

x 

3 

4 

6 

6 

7 

8 

9 

Al 

5.9 

6.8 

6.6 

6.7 

J 

6.9 

6.8 

6.8 

6.0 

Tl 

1.1 

0.6 

0.8 

0.6 

..0 

0.9 

0.6 

0.7 

0.7 

Cr 

14.3 

14.2 

16.4 

16.7 

17.3 

14.9 

16.1 

14A 

16.3 

Mn 

tfan 

0.4 

0.6 

0.6 

0.6 

0.4 

0.4 

0.3 

0.6 

Ft 

0 

0.7 

1.4 

1.3 

0.9 

1.3 

1.6 

1.6 

1.1 

Ni 

M.1 

71.8 

89.6 

71.1 

62.4 

67.6 

70.8 

69.2 

69.3 

Cb 

SJ 

1.2 

1.3 

1.8 

3.4 

3.2 

IJ 

2.1 

3A 

Mo 

4J 

4.0 

3.9 

3.4 

4.9 

3.9 

4.0 

3.8 

3.9 

Ta 

1.2 

0.8 

0.6 

0 

2.3 

2.1 

0.6 

2.0 

0.8 

Loeatka  No.  1 k k bn 

- 

kdaoaa 

Locatka  No.  a k at  taka  Una 

Loeatkas  No.  3-e  an  la  «sM  wslal 
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TABLE  G*3. 

concentrahon  profile  for  filler 

METAL  AFC-6-7  WELDMENT:  COMPOSI- 
TION IN  WEIGHT  % BY  LOCATION 


Locttim 


1 

3 

3 

4 

5 

Al 

6A 

6.9 

6.6 

6.4 

6.4 

■n 

1.1 

1.1 

0.9 

0.7 

04 

Cr 

ISJ 

14.3 

16.1 

16.4 

16.5 

Mn 

0 

0 

0.5 

0.5 

0.7 

Ik 

0 

0 

3.3 

14 

3.5 

Mi 

56.0 

56.1 

55.0 

564 

70.1 

Cb 

64 

4.1 

6.5 

1.5 

11 

Mo 

4.5 

4.4 

3J 

9.3 

3.3 

Ta 

0 

1.7 

1.9 

0.6 

TVan 

LontkB  No.  1 it  in  hMt-alfMtwl  mm 
LocatiM  No.  3 it  in  HAZ  wUnemt  to 
Aiiian  Um 

LocnttaM  Nm.  S-6  uo  in  mU  moUl 


TABLE  G-4. 

CONCENTRATION  PROFILE  FOR  FILLER 
METAL  C-4  WELDMENT;  COMPOSITION 
IN  WEIGHT  % BY  LOCATION 


tocKow 


Skmma 

t 

3 

3 

4 

6 

5 

7 

Al 

14 

5.3 

5.3 

6.0 

64 

64 

44 

Tl 

0.7 

0.7 

04 

04 

04 

0.9 

0.7 

Cr 

14.0 

14.1 

14.3 

144 

144 

17.7 

16.3 

Mn 

0 

0 

0 

0.4 

04 

Thm 

Tnca 

Ik 

0 

0 

0 

04 

04 

1.1 

1.3 

Ni 

704 

59.6 

56.7 

57.0 

564 

51.4 

56.9 

Cb 

14 

14 

14 

13 

64 

84 

34 

Mo 

4.0 

44 

4.4 

4.5 

6.0 

5.0 

64 

Ik 

1.0 

1.4 

04 

34 

6.4 

14 

1.5 

LoentianNo.  1 it  in  tht  kwo  «•*■) 
f BctiM  Not.  3 and  S an  in  tka 


Locathn  N<k  4 ia  at  tki  fkMtn  Um 
LocatiM  Not.  5-7  an  in  tka  mU  nMtal 


TABLE  G-6. 

CONCENT1UTION  PROFILE  IN  WELD  METAL  OF  FILLER 
METAL  AFC-4-6  WELDMENT;  COMPOSHION  IN  WEIGHT  % 
(ATOMIC  %)  BY  LOCATION 


Mkmmt 

1 

3 

3 

4 

i 

5 

Al 

1.4  (0.5) 

14  (15) 

19  (14) 

64  (1« 

10  (15) 

11  (15) 

Tl 

tian  (0) 

traoa  (0) 

tran  (0) 

0.7  (0.5) 

0.5  (0.6) 

04  (0.5) 

Cr 

174(16.« 

19.1(14.7) 

17.4(16.7) 

164(16.1) 

110(13.7) 

16.4(134) 

Mn 

13(14) 

34(14) 

14(1.5) 

0.5  (04) 

0.5  (04) 

0.7  (0.5) 

Ik 

11.0  (9.3) 

104  (17) 

14(10.5) 

14  (14) 

14  (1.1) 

1.8(1.3) 

Ni 

664(45.9) 

664(45.1) 

50.0(894) 

59.1(57.1) 

56.0(56.7) 

574(54.0) 

Cb 

64  (64) 

4.0  (16) 

34  (6.9) 

3.0  (6.1) 

14  (17) 

17  (4.0) 

Mo 

0(0) 

tnea<0) 

1.5  (34) 

94  (6.5) 

64  (IW 

64  (10) 

Ta 

5.4(319) 

7.7(30.5) 

44(19.3) 

3.0  (1(5 

15  (13) 

84  (18) 

AH  loeatkiM  an  in  aaM  natal 
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Base  Metal 


Mag:  lOOX  Heat-Affected  Zone 


Mag:  lOOOX 


(1)  Grain  Boundary  (Cr,Mo)23C5  Carbides 

(2)  Acicular  Matrix  CbC  Carbides 
(TiC  carbides  v/ere  also  present) 

(3)  Acicular  CbC  Carbides 

(4)  Blocky  CbC  Carbides 
(3)  Blocky  CbC  Carbides 

(6)  Script  (Ta,Cb)C  Carbides 


Base  Metal 


Mag:  lOOOX 


Figure  0-1.  Microetrueture  of  AFC-4-6  Weldment  in  As-Welded  Condition  — Weld  metal  microstructure  consists  of  y matH 
fine  y',  acicular  and  blocky  CbC  carbides  and  script  (To,  Cb)C  carbides. 


J 
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Mag:  lOOOX 


tun  coruut*  of  y matrix. 
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Figim  0‘t.  Mknttrueturt  of  AFC-4-8  WoUmont  aftv  Thermal  Expomire  at  843*C  (IK0*F)  for  48  Houn  — Weld  J 
mieroetrueture  eoneiett  oft  matrix,  fine  y’,  and  predominantly  ecript  (To,  Cb}C  evbidee.  Note  hot  crack  in  heot-affii^ 


tone. 


I 


. 

■h’ 


Base  Metal 


Mag:  lOOX 


(1)  Ni3(Cb,Ta) 

(2)  Blocky  (Cb,Ta)C  Carbides 


Heat-Aff 


Mag:  lOOOX 


Mag : lOOOX 


Figurt  a-3.  Micro$tructure  of  AFC.4-6  Weldment  after  Thermal  Expoeure  at  843'C  (IB50*F)  for  200  houn  - Weld  metal 
microetructure  coniUte  of  y matrix,  fine  y',  matrix  (To,  Cb)C  cvbidee,  heavy  grain  boundary  (Cr,  mo)uC,  carbides  ana 
evidence  of  Ni,  (To,  Cb)  — ( and  Ni»  (Ta,  Cb)  Lavea  phase. 


Mag:  20,000X 

ni  153M 

Figurt  G-4.  Photomicrograph  of  (Cr,  Mo)„Ct  Carbide 
in  Grain  Boundary  within  Weld  Metal  of 
AFC-4-6  Weldment  after  Thermal  Ex- 
poaure  at  SiS’C  (ISSO^F)  for  200  Hours 


(1)  Grain  Boundary  (Cr,Mo)23Cs  Carbides 

(2)  Continuous  Grain  Boundary  (Cb,Ta,Ti)C 
Carbides 


i 


Mag:  lOOOX  Mag:  lOOOX 

Figure  G-7.  Mieroetructure  of  AFC-6-7  Weldment  after  Thermal  Expoeure  at  843*C  (1680*F)  for  48  Hours  — Weld  metal 
nucroetructure  coneiste  of  y matrix,  fine  y'  and  email,  blacky  (Cb,  To,  Ti)C  carbides.  Note  hot  crack  in  heat-affected  tone. 


I 


8 Houn  — Weld  metal 
rack  in  heat'affeeted  zone. 


Heat 


Base  Metal 


Figun  0-11.  Mien$truetunofC-4  Weldment  after  Thtrmal  Bxpo$un  at  843*C  (1B80*F)  for  48  Maun  - WeU  metal  microetmeti 
eoneieU  of  y matrix,  fine  y',  and  predominantly  eeript  (Td,  Cb)C  earbidee 


I 


Base  Metal 


Heat-Affected  Zone 


Mag:  lOOOX 


mg:  lOOOX 


- WM  m^tal  mtcTMtmcturc 
mC»  carbidn  and  naedita  of 


Figure  0-lg  Microetrueture  ofAe-WeUed  Inconel  825  Weldment  — Weld  metal  mkroetrueture  eonmte  of  y matrix,  fine 
earbidee,  and  ee^t  (Cb,  Tn)C  carbidee 


I 


<*to  o/  7 matrix,  fine  y,  CbC 


Figurt  0-14.  Miero$tructure  of  Inconel  825  Weldment  after  Thermal  Exposure  at  843*C  (IS50*F)  for  ^ Hours  — Weld  metal 
mierostrueture  consists  of  y matrix,  fine  y',  CbC  and  (To,  Cb)C  carbides,  and  heavy  gr^  boundary  fCr,  Mo)taCi 
carbides  | 


I 


Mag:  lOOOX 


Mag:  lOOOX 

FD  IMOm 

I4S  Noun  — Weld  mttal 
bin  boundary  (Cr,  Mo)uC, 


Base  Metal 


tf-Jt  Ukrmtnctun  of  tneontl  925  Weldment  after  Thermal  Bxpoeure  at  843*C  (IBSO'F)  for  200  Houre  — Weld 
mierootmeUiee  eonetete  of  > matrix,  fine  y',  CbC  and  fCb,  Tu)C  earbidee,  and  very  heavy  grain  boundary  (Cr, 


Mag:  lOOOX 


Mag: 


Heat-Affected  Zone 


lOOOX 


lOOOX 


XO  Houn  — Weld  metal 
Run  boundary  (Cr,  Mo)i,Ci 


Mag:  -20X 

n>  leaow 

Figure  G-I6.  Location  of  Data  Points  for  Concentration  Profile  in  Filler 
Metal  AFC-4-6  Weldment 


Mag:  -20X 
n i6«i» 

Figure  0-17.  Location  of  Data  Points  for  Concentration 
Profile  in  Filler  Metal  AFC-6-7  Weldment 
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Location  of  MIcroprotw  Analysla 

PD  uaou 

Figure  0-20.  Elemental  Trends  in  AFC-4^  Weld  Metal 


Composition 


